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Abstract	  
	  
	  
Introduction:	  Traditionally,	  digital	  models	  have	  been	  made	  from	  alginate	  impressions,	  which	  are	  either	  scanned	  directly	  or	  poured	  in	  plaster	  and	  then	  scanned.	  The	  development	  of	  chairside	  oral	  scanners	  now	  allows	  direct	  intraoral	  scanning	  of	  the	  dentition,	  but	  questions	  remain	  regarding	  the	  accuracy	  of	  full-­‐arch	  digital	  models	  acquired	  using	  this	  technology,	  the	  time	  required	  for	  such	  scanning,	  and	  patient	  acceptance.	  These	  factors	  will	  be	  critical	  in	  determining	  the	  acceptance	  of	  direct	  scanning	  technology	  in	  the	  orthodontic	  setting.	  	  
Materials	  and	  Methods:	  Fifteen	  consecutive	  patients	  had	  full-­‐arch	  digital	  models	  acquired	  using	  a	  chairside	  oral	  scanner	  (Lava	  COS;	  3M	  ESPE,	  St.	  Paul,	  MN,	  USA)	  and	  conventional	  alginate	  impressions,	  which	  were	  then	  digitized	  using	  a	  computed	  tomography	  scanner	  (OrthoProof,	  Albuquerque,	  NM,	  USA).	  The	  time	  required	  to	  perform	  the	  procedures	  was	  recorded	  to	  the	  closest	  second.	  Each	  patient	  was	  given	  a	  questionnaire	  to	  assess	  model	  acquisition	  preference.	  For	  each	  digital	  model	  pair,	  the	  individual	  arches	  were	  globally	  superimposed	  utilizing	  best-­‐fit	  surface-­‐based	  registration.	  Discrepancies	  in	  individual	  tooth	  position	  between	  models	  were	  computed	  using	  eModel	  9.0	  software	  (GeoDigm,	  Falcon	  Heights,	  MN,	  USA).	  A	  Bland-­‐Altman	  comparison	  was	  performed	  on	  each	  discrepancy	  measurement.	  Time	  differences	  were	  tested	  for	  statistical	  significance	  using	  a	  Student’s	  t-­‐test.	  For	  all	  tests,	  P<0.05	  was	  considered	  significant.	  	  
Results:	  When	  compared	  to	  digital	  models	  made	  from	  alginate	  impressions,	  those	  made	  from	  intraoral	  scans	  were	  not	  significantly	  different.	  The	  chairside	  time	  
	  ii	  
required	  to	  perform	  impressions	  was	  significantly	  shorter	  (7m,	  35s	  +/-­‐	  0m,	  26s)	  than	  that	  required	  for	  COS	  scans	  (20m,	  27s	  +/-­‐	  3m,	  6s).	  When	  the	  time	  required	  for	  disinfection	  and	  packaging	  of	  the	  impressions	  was	  included,	  the	  time	  requirement	  did	  not	  differ	  significantly	  from	  the	  scan	  time.	  While	  73.33%	  of	  patients	  preferred	  conventional	  impressions	  because	  they	  were	  “easier”	  and/or	  “faster,”	  26.67%	  preferred	  the	  intraoral	  scan	  because	  it	  was	  “more	  comfortable.”	  	  
Conclusions:	  Despite	  the	  high	  relative	  accuracy	  of	  intraoral	  scans,	  traditional	  alginate	  impressions	  are	  still	  the	  preferred	  model	  acquisition	  method	  with	  respect	  to	  chairside	  time	  and	  patient	  acceptance.	  As	  digital	  technologies	  evolve	  to	  increase	  efficiency	  and	  patient	  acceptance,	  direct	  scanning	  technology	  may	  become	  more	  accepted	  by	  the	  orthodontic	  community.	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Introduction	  
	  Digital	  models	  are	  rapidly	  being	  accepted	  in	  the	  orthodontic	  community	  for	  diagnosis	  and	  treatment	  planning.	  In	  2008,	  approximately	  18%	  of	  the	  orthodontists	  in	  the	  United	  States	  used	  digital	  models	  for	  diagnosis	  and	  treatment	  planning	  (Keim	  
et	  al.,	  2008).	  The	  advantages	  of	  digital	  models,	  when	  compared	  to	  plaster	  models,	  include	  improved	  efficiency,	  reduced	  storage	  requirements,	  ease	  of	  access	  and	  data	  transfer,	  durability,	  the	  ability	  to	  section	  models	  and	  perform	  treatment	  set-­‐ups	  without	  damaging	  models,	  measurement	  time	  savings,	  three-­‐dimensional	  (3-­‐D)	  mapping	  of	  tooth	  surface	  geography,	  and	  superimpositions	  (Proffit,	  2007;	  Fleming	  
et	  al.,	  2010).	  	  	  Most	  digital	  models	  are	  currently	  made	  from	  dental	  impressions,	  which	  are	  either	  scanned	  directly	  or	  poured	  in	  plaster	  and	  then	  scanned.	  Scanning	  techniques	  for	  impressions	  and	  plaster	  casts	  most	  commonly	  involve	  3-­‐D	  laser	  or	  computed	  tomography	  (CT)	  scanning.	  Another	  technique	  that	  can	  be	  used	  to	  capture	  digital	  models	  is	  stereophotogrammetry,	  but	  this	  technology	  is	  mainly	  limited	  to	  human	  face	  imaging	  (Ayoub	  et	  al.,	  1998).	  Subtracting	  information	  from	  cone-­‐beam	  CT	  (CBCT)	  scans	  can	  also	  be	  used	  to	  create	  digital	  models,	  but	  this	  technique	  has	  limitations	  and	  is	  not	  commonly	  used	  in	  orthodontics	  at	  the	  present	  time	  (Kau	  et	  al.,	  2010,	  Wiranto	  et	  al.,	  2013).	  A	  final	  method	  of	  obtaining	  digital	  models	  is	  direct	  intraoral	  scanning	  (Hajeer	  et	  al.,	  2004).	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Currently,	  plaster	  models	  obtained	  from	  conventional	  impressions	  are	  considered	  the	  gold	  standard	  for	  orthodontic	  diagnosis	  and	  treatment	  planning,	  as	  well	  as	  research	  (Flemming	  et	  al.,	  2011).	  Although	  considered	  the	  gold	  standard,	  these	  models	  may	  contain	  an	  inherent	  amount	  of	  error,	  most	  notably	  from	  moisture	  absorption,	  desiccation,	  or	  permanent	  deformation	  of	  the	  impression	  material	  that	  may	  be	  created	  by	  undercuts.	  The	  evolution	  of	  the	  electronic	  dental	  record	  has	  provoked	  a	  change	  from	  using	  plaster	  models	  to	  using	  digital	  models	  (Joffe,	  2004;	  Keim	  et	  al.,	  2008).	  This	  progression	  has	  stimulated	  an	  exploration	  into	  the	  different	  methods	  of	  acquiring	  digital	  models,	  most	  notably	  through	  the	  use	  of	  chairside	  oral	  scanners.	  The	  development	  of	  chairside	  oral	  scanners	  now	  promises	  to	  allow	  direct	  intraoral	  scanning	  of	  the	  dentition,	  but	  there	  remain	  questions	  regarding	  the	  accuracy	  of	  full	  arch	  digital	  models	  acquired	  using	  this	  technology,	  the	  time	  requirements,	  and	  patient	  acceptance	  for	  such	  scanning.	  These	  factors	  will	  be	  critical	  in	  determining	  the	  acceptance	  of	  direct	  scanning	  technology	  in	  the	  orthodontic	  setting.	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Review	  of	  the	  Current	  Literature	  
	  
Accuracy	  of	  Chairside	  Oral	  Scanners	  Much	  of	  the	  information	  on	  the	  accuracy	  of	  intraoral	  scanners	  is	  limited	  to	  single	  elements	  used	  for	  restorative	  dentistry.	  A	  study	  conducted	  by	  da	  Costa	  et	  al.	  (2010)	  measured	  the	  marginal	  gaps	  of	  onlay	  preparations	  from	  digital	  dies	  produced	  by	  a	  Cerec	  3-­‐D	  camera	  (Sirona	  Dental	  Inc.,	  Charlotte,	  NC,	  USA).	  No	  significant	  differences	  were	  found	  between	  optical	  impressions	  taken	  on	  a	  typodont	  vs.	  an	  indirect	  scanning	  method,	  indicating	  that	  direct	  and	  indirect	  scanning	  methods	  are	  similar	  with	  respect	  to	  accuracy.	  	  	  A	  study	  conducted	  by	  Luthardt	  et	  al.	  (2005)	  compared	  the	  accuracy	  of	  digital	  models	  made	  from	  direct	  “intraoral”	  digitization	  using	  a	  Cerec	  3-­‐D	  camera	  (Sirona)	  to	  digital	  models	  obtained	  from	  “extraoral”	  digitization.	  That	  study	  simulated	  intraoral	  conditions	  by	  fastening	  a	  camera	  to	  a	  stand	  and	  digitizing	  a	  die	  model	  of	  the	  second	  premolar,	  first	  molar,	  and	  second	  molar	  of	  the	  lower	  left	  quadrant.	  The	  authors	  concluded	  that	  extraoral	  digitization	  of	  stone	  models	  is	  more	  accurate	  than	  direct	  intraoral	  digitization.	  However,	  an	  experiment	  performed	  under	  real	  clinical	  conditions	  may	  result	  in	  different	  conclusions.	  	  A	  study	  conducted	  by	  Güth	  et	  al.	  (2013)	  compared	  the	  dimensions	  of	  abutment	  teeth	  used	  to	  fabricate	  a	  four-­‐unit	  bridge	  using	  different	  impression	  methods.	  It	  was	  found	  that	  models	  created	  using	  a	  Lava	  Chairside	  Oral	  Scanner	  (COS;	  3M	  ESPE,	  St.	  
	  4	  
Paul,	  MN,	  USA)	  were	  of	  significantly	  higher	  accuracy	  than	  models	  created	  from	  impressions	  and	  indirect	  digitization.	  	  	  	  On	  the	  basis	  of	  an	  in-­‐vivo	  trial,	  it	  was	  reported	  that	  crowns	  produced	  from	  intraoral	  scans	  fit	  well	  (Brawek	  et	  al.,	  2013).	  The	  authors	  concluded	  that	  the	  fit	  of	  single-­‐unit	  crowns	  produced	  from	  COS	  and	  Cerec	  AC	  systems	  (Sirona)	  were	  clinically	  acceptable.	  A	  similar	  clinical	  trial	  conducted	  by	  Cardelli	  et	  al.	  (2011)	  suggested	  that	  crowns	  produced	  from	  COS	  scans	  have	  a	  clinically	  acceptable	  marginal	  and	  internal	  fit	  for	  both	  anterior	  and	  posterior	  teeth.	  	  	  From	  each	  of	  the	  above	  quoted	  studies,	  it	  can	  be	  concluded	  that	  intraoral	  scanners	  are	  able	  to	  accurately	  capture	  limited	  elements	  commonly	  used	  in	  restorative	  dentistry,	  such	  as	  crowns,	  inlays,	  onlays,	  and	  bridges.	  	  
	  
At	  the	  time	  of	  this	  study,	  the	  numbers	  of	  studies	  addressing	  the	  accuracy	  of	  
full-­‐arch	  intraoral	  scans	  is	  still	  limited.	  Two	  benchtop	  studies	  by	  Ender	  and	  Mehl	  (2011;	  2013a)	  compared	  the	  accuracy	  of	  full-­‐arch	  scans	  to	  that	  of	  conventional	  impressions.	  The	  first	  study	  (Ender	  and	  Mehl,	  2011)	  found	  that	  digital	  models	  produced	  using	  the	  COS	  and	  the	  Cerec	  AC	  Bluecam	  were	  as	  accurate	  as	  digital	  models	  produced	  using	  the	  sequence	  of	  impressioning,	  pouring	  models	  into	  plaster,	  and	  performing	  a	  scan.	  	  A	  later	  study	  (Ender	  and	  Mehl,	  2013a)	  found	  that	  digital	  models	  produced	  from	  direct	  Cerec	  AC	  System	  scans	  were	  significantly	  less	  accurate	  than	  digital	  models	  produced	  from	  the	  same	  sequence	  as	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described	  in	  the	  2011	  study.	  The	  authors	  had	  no	  explanation	  for	  the	  dichotomy	  between	  the	  two	  studies.	  	  A	  third	  benchtop	  study	  by	  Ender	  and	  Mehl	  (2013b)	  compared	  the	  trueness	  of	  three	  intraoral	  scanning	  systems,	  the	  COS,	  the	  Cerec	  Bluecam,	  and	  the	  Cadent	  iTero	  (Align	  Technology,	  Inc.,	  San	  Jose,	  CA,	  USA).	  The	  trueness	  of	  each	  system	  was	  compared	  when	  the	  manufacturer’s	  recommended	  scanning	  sequence	  was	  followed	  vs.	  a	  standard	  scanning	  protocol.	  For	  all	  scanning	  systems,	  greater	  accuracy	  was	  measured	  when	  the	  scanning	  sequence	  followed	  the	  manufacturer’s	  recommendations.	  	  The	  authors	  concluded	  that	  these	  scanning	  systems	  are	  accurate,	  as	  long	  as	  the	  appropriate	  scanning	  strategies	  are	  followed.	  Additionally,	  the	  non-­‐powdering	  system	  (Cadent	  iTero)	  was	  found	  to	  be	  as	  accurate	  as	  the	  systems	  that	  require	  pretreatment	  powdering	  (COS	  and	  Cerec	  Bluecam).	  	  	  A	  benchtop	  study	  by	  Cuperus	  et	  al.	  (2012)	  evaluated	  the	  validity	  and	  reproducibility	  of	  digital	  and	  stereolithographic	  models	  made	  using	  the	  COS.	  Statistically	  significant	  differences	  in	  dental	  arch	  segment	  measurements,	  intercanine	  distances,	  intermolar	  distances,	  and	  mesial-­‐distal	  tooth	  widths	  were	  found	  in	  COS	  models	  and	  stereolithographic	  models	  when	  compared	  to	  a	  human	  skull	  reference	  model.	  The	  magnitude	  of	  these	  differences	  was	  not	  published	  in	  this	  study,	  but	  the	  differences	  were	  not	  found	  to	  be	  clinically	  significant.	  The	  authors	  concluded	  that	  digital	  models	  had	  fewer	  measurement	  errors	  than	  stereolithographic	  models,	  presumably	  relating	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to	  the	  extra	  processing	  and	  printing	  steps	  required	  to	  convert	  digital	  models	  to	  stereolithographic	  models.	  	  	  A	  clinical	  study	  by	  Wiranto	  et	  al.	  (2013)	  examined	  the	  validity,	  reliability,	  and	  reproducibility	  of	  digital	  models	  made	  from	  the	  COS	  to	  that	  of	  conventional	  stone	  models	  made	  from	  alginate	  impressions.	  In	  that	  study,	  tooth-­‐width	  measurements	  taken	  on	  COS	  models	  did	  not	  differ	  significantly	  from	  those	  taken	  on	  plaster	  models.	  The	  authors	  reported	  a	  significant	  difference	  in	  the	  overall	  and	  anterior	  Bolton	  ratios,	  but	  the	  difference,	  which	  did	  not	  exceed	  1.5	  mm,	  was	  regarded	  clinically	  insignificant	  (Wiranto	  et	  al.,	  2013).	  	  A	  clinical	  study	  by	  Naidu	  and	  Freer	  (2013)	  compared	  tooth	  widths	  and	  Bolton	  ratios	  of	  subjects	  who	  were	  scanned	  by	  a	  Cadent	  iTero	  scanner	  with	  OrthoCAD	  software.	  The	  models	  derived	  from	  these	  scans	  were	  compared	  to	  stone	  models	  made	  from	  impressions.	  Statistically	  significant	  differences	  were	  found	  between	  the	  two	  methods	  with	  respect	  to	  mean	  tooth	  widths	  (0.024	  mm),	  anterior	  Bolton	  ratios	  (0.911),	  and	  overall	  Bolton	  ratios	  (0.217),	  but	  the	  differences	  were	  not	  determined	  to	  be	  clinically	  significant.	  	  	  A	  clinical	  study	  by	  Redmond	  et	  al.	  (2010)	  evaluated	  the	  fit	  of	  Hawley	  retainers	  fabricated	  from	  COS	  scans.	  The	  authors	  found	  no	  significant	  differences	  relating	  to	  the	  clinical	  acceptability	  of	  retainers	  made	  from	  digital	  scans	  compared	  to	  alginate	  impressions.	  This	  was	  determined	  by	  subjective	  evaluations	  made	  by	  the	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orthodontist	  based	  on	  acrylic,	  labial	  bow,	  and	  clasps	  adaptation.	  Of	  the	  retainers	  that	  were	  considered	  clinically	  acceptable	  by	  the	  orthodontist,	  the	  orthodontist	  also	  preferred	  those	  made	  from	  digital	  scans	  over	  those	  made	  from	  alginate	  impressions.	  	  From	  each	  of	  the	  above	  quoted	  studies,	  it	  can	  be	  concluded	  that	  intraoral	  scanners	  can	  accurately	  capture	  full-­‐arch	  scans	  to	  a	  clinically	  acceptable	  standard,	  although	  small	  but	  statistically	  significant	  differences	  may	  exist.	  	  	  
Time	  Requirements	  for	  Chairside	  Oral	  Scanning	  Two	  articles	  (Redmond	  et	  al.,	  2010;	  Wiranto	  et	  al.,	  2013)	  discuss	  the	  time	  requirements	  to	  perform	  full-­‐arch	  intraoral	  scans	  using	  the	  COS	  system.	  In	  the	  later	  study,	  the	  slowest	  scan	  took	  40	  minutes,	  the	  fastest	  scan	  took	  14	  minutes,	  and	  the	  average	  scan	  time	  was	  23	  minutes.	  During	  that	  study,	  the	  scanning	  sequence	  changed	  as	  the	  examiner	  became	  more	  comfortable	  with	  the	  scanner	  and	  the	  scanning	  process.	  Additionally,	  scan	  times	  tended	  to	  decrease	  with	  an	  increase	  in	  the	  number	  of	  scans	  performed.	  Scan	  times	  did	  not	  reach	  a	  plateau	  in	  that	  study,	  suggesting	  that	  the	  examiner	  was	  still	  learning	  the	  process	  and	  may	  have	  continued	  to	  get	  faster	  with	  more	  experience	  and	  improved	  skill	  (Wiranto	  et	  al.,	  2013).	  In	  the	  study	  by	  Redmond	  et	  al.	  (2010),	  full-­‐arch	  scan	  times	  using	  the	  COS	  ranged	  from	  16	  to	  46	  minutes,	  with	  an	  average	  of	  26	  minutes.	  It	  was	  also	  noted	  that	  scan	  times	  decreased	  as	  operator	  experience	  increased.	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From	  each	  of	  the	  above	  quoted	  studies,	  it	  can	  be	  concluded	  that	  full-­‐arch	  scan	  times	  require	  an	  average	  of	  23	  to	  26	  minutes	  to	  perform.	  The	  longest	  full-­‐arch	  scans	  may	  require	  up	  to	  46	  minutes,	  while	  the	  fastest	  scans	  may	  be	  performed	  in	  as	  little	  as	  14	  minutes.	  	  
Patient	  Acceptance	  of	  Chairside	  Oral	  Scanning	  Currently,	  only	  one	  study	  (Farah	  and	  Brown,	  2009)	  investigated	  the	  patient	  acceptance	  of	  intraoral	  scans.	  Scans	  of	  opposing	  quadrants	  were	  taken	  in	  that	  study,	  rather	  than	  full-­‐arch	  scans.	  The	  authors	  reported	  that	  of	  122	  study	  participants,	  75%	  preferred	  COS	  scans,	  7.5%	  preferred	  impressions,	  and	  17.5%	  had	  no	  preference.	  Some	  of	  the	  reasons	  why	  participants	  preferred	  a	  COS	  scan	  over	  conventional	  impressions	  included:	  “The	  scan	  is	  so	  much	  easier	  than	  the	  impression.	  I	  would	  rather	  have	  the	  scan	  in	  place	  of	  the	  impression	  any	  day.”	  “As	  a	  person	  who	  gags	  easily,	  the	  scanning	  is	  much	  easier	  than	  the	  impression.”	  “The	  procedure	  is	  more	  comfortable	  than	  the	  traditional	  impression	  procedure.	  It’s	  more	  pleasant.”	  Based	  on	  this	  study,	  it	  can	  be	  concluded	  that	  patients	  prefer	  intraoral	  scans	  to	  impressions.	  	  	  Although	  there	  is	  scientific	  literature	  that	  measures	  the	  accuracy,	  time	  requirements,	  and	  patient	  acceptance	  of	  intraoral	  scanners,	  much	  of	  this	  literature	  has	  limitations.	  Many	  of	  the	  studies	  that	  measure	  accuracy	  only	  evaluate	  discrepancies	  in	  tooth	  position	  and	  dimension,	  but	  do	  not	  measure	  discrepancies	  in	  each	  plane	  of	  space,	  along	  with	  discrepancies	  in	  archlength	  and	  archwidth.	  The	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studies	  that	  measure	  time	  requirements	  and	  patient	  preference	  are	  very	  limited	  in	  number.	  Currently,	  only	  two	  studies	  measure	  time	  requirements	  of	  full-­‐arch	  intraoral	  scans	  and	  only	  one	  study	  measures	  patient	  acceptance.	  Additionally,	  no	  studies	  have	  compared	  the	  total	  time	  to	  perform	  and	  process	  intraoral	  scans	  and	  impressions,	  including	  impression	  disinfection	  and	  packaging.	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The	  Present	  Work	  	  This	  study	  compared	  the	  relative	  accuracy	  of	  digital	  models	  produced	  from	  intraoral	  scans	  using	  a	  Lava	  COS	  scanner	  (3M	  Unitek)	  to	  those	  produced	  from	  alginate	  impressions.	  The	  time	  required	  to	  perform	  intraoral	  scans	  and	  impressions	  was	  compared,	  along	  with	  patient	  acceptance	  of	  both	  techniques.	  In	  addition,	  a	  benchtop	  experiment	  was	  performed,	  which	  compared	  the	  accuracy	  of	  digital	  models	  produced	  from	  plaster	  models	  scanned	  using	  the	  COS	  and	  those	  scanned	  using	  a	  high-­‐resolution	  orthodontic	  model	  scanner.	  Differences	  in	  tooth	  position	  between	  digital	  models	  were	  quantified	  using	  digital	  model	  superimposition	  software.	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Specific	  Aims	  and	  Hypotheses	  	  The	  specific	  aims	  of	  this	  study	  were:	  1. To	  quantify	  the	  relative	  accuracy	  of	  digital	  models	  acquired	  using	  the	  COS	  compared	  to	  conventionally	  acquired	  digital	  models	  and	  to	  determine	  if	  the	  discrepancies	  fall	  within	  a	  clinically	  acceptable	  level.	  2. To	  quantify	  the	  time	  requirements	  for	  chairside	  scanning	  using	  the	  COS	  in	  a	  routine	  orthodontic	  environment	  and	  to	  compare	  them	  to	  those	  of	  conventional	  digital	  model	  acquisition.	  3. To	  assess	  the	  patient	  acceptance	  of	  COS	  scanning	  and	  to	  compare	  it	  to	  that	  of	  the	  conventional	  impression	  technique.	  	  The	  following	  null	  hypotheses	  were	  tested:	  
	   1. There	  is	  no	  difference	  in	  accuracy	  between	  digital	  orthodontic	  models	  obtained	  using	  a	  COS	  and	  those	  obtained	  using	  alginate	  impressions	  or	  3Shape	  scans.	  2. There	  is	  no	  difference	  in	  time	  efficiency	  between	  an	  intraoral	  scan	  using	  the	  COS	  and	  alginate	  impressions.	  3. There	  is	  no	  difference	  in	  patient	  acceptance	  between	  an	  intraoral	  scan	  using	  the	  COS	  and	  alginate	  impressions.	  	  
	   	  
	  12	  
Subjects	  and	  Methods	  	  The	  study	  protocol	  had	  been	  approved	  by	  the	  Institutional	  Review	  Board	  (IRB)	  at	  the	  University	  of	  Minnesota	  (IRB	  Code	  Number	  1112M07705).	  	  
Subjects	  Fifteen	  consecutive	  patients	  presenting	  for	  routine	  orthodontic	  treatment	  at	  the	  University	  of	  Minnesota	  Division	  of	  Orthodontics,	  who	  were	  willing	  to	  participate,	  were	  included	  in	  this	  study.	  Inclusion	  criteria	  included	  full	  permanent	  dentition	  from	  first	  molar	  to	  first	  molar,	  no	  remaining	  primary	  teeth,	  no	  impacted	  teeth,	  and	  no	  supernumerary	  teeth.	  Subjects	  were	  not	  included	  in	  the	  study	  if	  they	  met	  any	  of	  the	  following	  exclusion	  criteria:	  mental,	  emotional,	  or	  developmental	  disabilities,	  cleft	  lip	  and/or	  palate	  or	  other	  craniofacial	  anomalies,	  epilepsy,	  seizures,	  or	  chronic	  use	  of	  anticonvulsants.	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Data	  Collection	  All	  patients	  had	  alginate	  impressions	  and	  COS	  scans	  taken	  as	  described	  below	  (Figure	  1),	  and	  all	  clinical	  procedures	  were	  performed	  by	  a	  single	  operator.	  All	  materials	  needed	  to	  perform	  the	  procedures	  were	  organized	  for	  easy	  access	  prior	  to	  seating	  each	  patient	  (for	  details,	  see	  Appendix	  A).	  The	  order	  of	  procedures	  (alginate	  impressions/COS	  scan)	  was	  randomized	  for	  each	  patient.	  	  	  
Figure	  1.	  Flow	  chart	  for	  clinical	  procedure	  
	  The	  order	  of	  which	  clinical	  procedure	  was	  preformed	  first,	  alginate	  impressions/wax	  bite	  or	  COS	  scan,	  was	  randomized	  for	  all	  patients.	  The	  time	  required	  to	  perform	  each	  clinical	  procedures	  was	  recorded	  to	  the	  nearest	  second.	  Each	  procedure	  created	  a	  pair	  of	  maxillary	  and	  mandibular	  dental	  models,	  in	  addition	  to	  a	  bite	  record.	  Following	  both	  procedures,	  all	  patients	  were	  asked	  to	  take	  a	  survey	  to	  evaluate	  their	  model	  acquisition	  preferences.	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Alginate	  Impressions	  Alginate	  impressions	  were	  taken	  as	  described	  by	  Rudd	  et	  al.	  (1969).	  The	  mandibular	  impression	  was	  taken	  first,	  followed	  by	  the	  maxillary	  impression.	  If	  any	  impression	  was	  not	  of	  diagnostic	  quality,	  it	  was	  retaken	  until	  the	  quality	  was	  acceptable	  to	  the	  operator.	  Immediately	  following	  the	  impression	  procedures,	  a	  wax	  bite	  was	  taken	  of	  the	  teeth	  in	  centric	  occlusion.	  After	  disinfection	  and	  packaging,	  the	  impressions	  were	  mailed	  using	  second-­‐day	  air	  to	  OrthoProof	  (Albuquerque,	  NM,	  USA),	  where	  they	  were	  digitized	  using	  a	  CT	  scanner	  with	  a	  voxel	  size	  of	  150	  μm3	  (Brad	  Adams,	  3M	  Unitek,	  personal	  communication,	  May	  13,	  2013).	  Chairside	  time	  was	  recorded,	  in	  addition	  to	  processing	  and	  packaging	  time	  (for	  details,	  see	  Appendix	  B).	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COS	  Scans	  Prior	  to	  data	  collection,	  the	  operator	  had	  been	  thoroughly	  trained	  at	  using	  the	  COS	  by	  a	  3M	  expert	  (Figure	  2).	  In	  addition,	  the	  operator	  performed	  ten	  practice	  scans	  to	  improve	  proficiency.	  
	  
Figure	  2.	  Images	  of	  operator	  clinical	  training	  A.	   B.	  
	   	  	  Images	  of	  operator	  clinical	  training.	  A.	  The	  operator	  was	  trained	  to	  use	  the	  COS	  by	  a	  3M	  expert.	  B.	  Additional	  practice	  scans	  were	  performed	  by	  the	  operator.	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The	  COS	  (Figure	  3.	  A)	  uses	  “3-­‐D-­‐in-­‐Motion”	  technology	  to	  capture	  a	  3-­‐D	  video	  image	  and,	  subsequently,	  to	  create	  a	  digital	  model.	  The	  scanning	  tip,	  which	  3M	  calls	  a	  “wand,”	  (Figure	  3.	  B)	  contains	  a	  complex	  optical	  system	  comprised	  of	  multiple	  lenses	  and	  blue	  LED	  cells.	  The	  dimensions	  of	  the	  wand	  tip	  are	  14.7	  mm	  wide	  by	  14	  mm	  tall.	  The	  field	  of	  view	  is	  10	  mm	  x	  13.5	  mm	  and	  it	  uses	  a	  video	  capture	  rate/flash	  rate	  of	  20	  Hz.	  Therefore,	  it	  is	  able	  to	  capture	  20	  3-­‐D	  data	  sets	  per	  second,	  for	  a	  total	  of	  8,400	  data	  sets	  per	  arch	  if	  the	  maximum	  scan	  time	  of	  7-­‐minutes	  is	  used.	  Each	  data	  set	  consists	  of	  over	  10,000	  data	  points,	  which	  translates	  to	  over	  84	  million	  data	  points	  per	  arch	  for	  a	  7-­‐minute	  scan.	  The	  COS	  scanner	  mesh	  resolution	  is	  50	  μm	  (Winnie	  Fong,	  3M	  ESPE,	  personal	  communication,	  Nov.	  18,	  2012).	  
	  
Figure	  3.	  Lava	  COS	  hardware	  
A.	   B.	  
	  
	  	  Lava	  COS	  hardware.	  A.	  Lava	  COS	  machine.	  B.	  Lava	  COS	  wand.	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Prior	  to	  the	  intraoral	  scan,	  subjects	  were	  prepared	  for	  the	  procedure	  by	  first	  obtaining	  moisture	  control,	  followed	  by	  spraying	  the	  teeth	  with	  a	  light	  coating	  of	  titanium	  dioxide	  powder.	  The	  COS	  scanning	  sequence	  followed	  the	  manufacturer’s	  recommendations	  (for	  details,	  see	  Appendix	  C).	  Figure	  4	  shows	  the	  scanning	  sequence	  for	  the	  mandibular	  and	  maxillary	  arches.	  	  
	  
Figure	  4.	  COS	  scanning	  sequence	  
A.	   B.	  
	   	  
	  COS	  scanning	  sequence	  for	  the	  A.	  mandibular	  arch	  and	  the	  B.	  maxillary	  arch.	  	  Second	  and	  third	  molars	  were	  included	  in	  the	  scan,	  when	  present.	  Any	  voids	  in	  the	  scan	  were	  captured	  after	  the	  entire	  arch	  was	  scanned.	  Areas	  marked	  by	  red	  arrows,	  indicating	  errors	  in	  the	  scan,	  were	  rescanned.	  Following	  the	  arch	  scans,	  a	  bite	  registration	  in	  centric	  occlusion	  was	  recorded.	  The	  buccal	  surfaces	  of	  both	  right	  first	  molars	  and	  all	  four	  right	  premolars	  were	  included	  in	  the	  bite	  registration.	  Chairside	  time	  was	  recorded,	  in	  addition	  to	  processing	  time	  (for	  details,	  see	  Appendix	  B).	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Survey	  Following	  completion	  of	  both	  the	  impressions	  and	  COS	  scan,	  patients	  were	  asked	  to	  complete	  a	  specifically-­‐designed	  survey	  to	  assess	  their	  preferred	  model	  acquisition	  method	  (for	  details,	  see	  Appendix	  D).	  Subjective	  patient	  experience	  of	  COS	  isolation	  and	  powdering	  was	  assessed	  separately	  from	  the	  COS	  scan	  to	  determine	  if	  any	  differences	  exist	  and	  how	  they	  are	  correlated	  to	  patient	  acceptance.	  	  
Benchtop	  Experiment	  	  Five	  pairs	  of	  plaster	  models	  were	  scanned	  using	  both	  the	  COS	  and	  a	  3shape	  R700	  model	  scanner	  (3shape	  A/S,	  Copenhagen,	  Denmark)	  using	  ScanIt	  Orthodontics	  software	  at	  a	  resolution	  of	  20	  μm.	  Inclusion	  criteria	  for	  selecting	  these	  models	  followed	  those	  described	  for	  the	  subjects	  included	  in	  the	  clinical	  study.	  The	  benchtop	  scanning	  sequence	  followed	  that	  of	  the	  clinical	  procedure.	  The	  rational	  for	  performing	  the	  benchtop	  experiment	  was	  to	  measure	  the	  accuracy	  of	  the	  COS	  scanner	  relative	  to	  a	  high-­‐resolution	  model	  scanner,	  excluding	  patient	  factors	  such	  as	  saliva	  and	  soft	  tissues.	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Data	  Analysis	  
Model	  Segmentation	  All	  digital	  models	  were	  received	  in	  stereolithographic	  (.stl)	  format.	  Each	  pair	  of	  models	  (i.e.	  maxillary	  arch	  COS	  scan	  vs.	  maxillary	  arch	  alginate	  impression	  or	  3Shape	  scan)	  was	  digitally	  segmented	  and	  superimposed	  using	  eModel	  9.0	  software	  (GeoDigm,	  Falcon	  Heights,	  MN,	  USA).	  All	  models	  were	  first	  leveled	  to	  achieve	  consistent	  3-­‐D	  orientation.	  For	  each	  model	  pair,	  one	  model	  had	  teeth	  individually	  segmented	  while	  the	  other	  had	  bases	  removed	  (Figure	  5).	  	  Only	  one	  model	  required	  the	  teeth	  to	  be	  individually	  segmented	  in	  order	  for	  the	  software	  to	  perform	  tooth	  superimpositions.	  	  
	  
Figure	  5.	  Model	  segmentations	  
A.	   B.	  
	   	  
	  Soft	  tissues	  were	  removed	  form	  models.	  A.	  Example	  of	  individual	  tooth	  segmentations.	  B.	  Example	  of	  removing	  bases	  from	  models.	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In	  the	  clinical	  study,	  teeth	  were	  individually	  segmented	  on	  digital	  models	  generated	  from	  alginate	  impressions.	  In	  the	  benchtop	  study,	  teeth	  were	  individually	  segmented	  on	  digital	  models	  generated	  from	  the	  3shape	  scanner.	  	  Third	  molars	  were	  not	  segmented	  because	  the	  software	  was	  not	  designed	  to	  include	  third	  molar	  measurements.	  A	  lone-­‐erupted	  second	  molar	  in	  a	  given	  arch	  was	  also	  not	  segmented	  because	  of	  limitations	  in	  the	  software,	  so	  all	  arches	  were	  segmented	  either	  from	  first-­‐molar	  to	  first-­‐molar	  or	  from	  second-­‐molar	  to	  second-­‐molar.	  	  
Arch	  Registration	  Each	  pair	  of	  models	  was	  superimposed	  using	  best-­‐fit	  surfaced	  feature-­‐based	  registration.	  Global	  arch	  registration	  of	  the	  model	  pairs	  was	  achieved	  by	  running	  50	  transformations	  of	  iterative	  closest	  point	  matching	  at	  1	  mm	  surface	  increments	  (Figure	  6).	  Arch	  registration	  best-­‐fit	  was	  visually	  verified	  by	  the	  operator.	  
	  
Figure	  6.	  Example	  of	  arch	  registration	  
	  
Green	  areas	  represent	  the	  teeth	  that	  were	  individually	  segmented.	  Gray	  areas	  represent	  the	  models	  with	  bases	  removed.	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Individual	  Tooth	  Superimposition	  Following	  arch	  registration,	  individual	  tooth	  superimpositions	  were	  performed	  by	  running	  50	  transformations	  of	  iterative	  closest	  point	  matching	  at	  1	  mm	  surface	  increments	  (Figure	  7).	  Superimpositions	  were	  visually	  verified	  by	  the	  operator.	  	  
Figure	  7.	  Example	  of	  individual	  tooth	  superimpositions	  
	  
Blue	  areas	  represent	  the	  teeth	  that	  were	  individually	  segmented.	  Gray	  areas	  represent	  the	  models	  with	  bases	  removed.	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Tooth	  Position	  Analysis	  Discrepancies	  in	  tooth	  positions	  between	  digital	  models	  obtained	  from	  COS	  scans	  and	  alginate	  impressions/3Shape	  scans	  were	  determined	  by	  measuring	  discrepancies	  in	  datum	  point	  locations	  between	  arch	  registrations	  and	  individual	  tooth	  superimpositions.	  A	  datum	  point	  is	  a	  reference	  point	  on	  the	  surface	  of	  each	  segmented	  tooth	  that	  represents	  its	  3-­‐D	  position	  in	  space.	  The	  datum	  point	  location	  was	  determined	  by	  calculating	  the	  centroid	  of	  each	  segmented	  tooth,	  transposing	  this	  point	  to	  the	  facial	  surface,	  and	  placing	  it	  on	  the	  occluso-­‐gingival	  center	  of	  the	  crown	  (Figure	  8).	  	  
Figure	  8.	  Example	  of	  datum	  point	  locations	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The	  datum	  points	  were	  positioned	  on	  an	  x,y,z	  coordinate	  grid,	  and	  their	  locations	  were	  measured	  when	  the	  arches	  were	  registered	  and	  when	  the	  teeth	  were	  individually	  superimposed.	  These	  differences	  in	  datum	  point	  positions,	  from	  arch	  registration	  to	  individual	  tooth	  positions,	  were	  measured	  to	  the	  nearest	  1	  μm.	  These	  distances	  represent	  the	  discrepancies	  in	  tooth	  positions	  between	  COS	  scans	  and	  alginate	  impression/3Shape	  scans.	  Measurements	  included	  the	  difference	  in	  tooth	  positions	  in	  each	  plane	  of	  space,	  the	  difference	  in	  archwidths	  (Figure	  9),	  and	  the	  difference	  in	  3-­‐D	  archlength.	  Archwidth	  measurements	  were	  grouped	  by	  tooth	  type:	  inter-­‐maxillary	  molar	  width,	  inter-­‐maxillary	  premolar	  width,	  inter-­‐maxillary	  canine	  width,	  inter-­‐mandibular	  molar	  width,	  inter-­‐mandibular	  premolar	  width,	  and	  inter-­‐mandibular	  canine	  width.	  Archlength	  was	  calculated	  by	  measuring	  the	  total	  distance	  that	  connected	  consecutive	  datum	  points	  in	  a	  given	  arch.	  Datum	  points	  were	  used	  as	  reference	  points	  for	  all	  measurements.	  
	  
Figure	  9.	  Example	  of	  archwidths	  
	  	  
	  24	  
Statistical	  Analysis	  Bland-­‐Altman	  comparisons	  were	  performed	  on	  individual	  tooth	  discrepancy	  measurements	  in	  the	  transverse,	  sagittal,	  and	  vertical	  planes	  of	  space,	  separately	  for	  the	  clinical	  study	  and	  the	  benchtop	  experiment.	  Discrepancies	  in	  archlength	  and	  archwidth	  between	  the	  models	  acquired	  using	  the	  different	  techniques	  described	  were	  also	  compared	  using	  Bland-­‐Altman	  comparisons.	  Again,	  this	  was	  done	  separately	  for	  the	  clinical	  and	  benchtop	  procedures.	  Time	  differences	  between	  impressions	  and	  COS	  scans	  were	  tested	  for	  statistical	  significance	  using	  a	  Student’s	  
t-­‐test	  after	  the	  data	  had	  been	  tested	  for	  normality	  (Kolmogorov-­‐Smirnov	  test).	  For	  all	  tests,	  P<0.05	  was	  considered	  significant.	  A	  linear	  regression	  analysis	  was	  used	  to	  measure	  how	  scan	  times	  changed	  with	  the	  number	  of	  scans	  performed.	  A	  step-­‐trend	  linear	  regression	  analysis	  measured	  how	  the	  scan	  times	  of	  the	  first	  seven	  subjects	  differed	  from	  that	  of	  the	  last	  eight	  subjects.	  Patient	  acceptance	  of	  each	  model	  acquisition	  method	  was	  evaluated	  using	  descriptive	  statistics.	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Results	  
	  
Discrepancy	  Measurements	  
	  
	  The	  biases	  calculated	  in	  the	  Bland-­‐Altman	  analysis	  for	  all	  clinical	  individual	  tooth	  position	  differences	  in	  the	  transverse,	  sagittal,	  and	  vertical	  planes	  of	  space	  are	  shown	  in	  Table	  1.	  Biases	  ranged	  from	  -­‐0.05	  mm	  to	  0.21	  mm	  in	  the	  maxilla	  and	  -­‐0.04	  mm	  to	  0.11	  mm	  in	  the	  mandible.	  The	  largest	  bias	  was	  found	  on	  maxillary	  second	  molar	  transverse	  position	  (0.21	  mm).	  Mandibular	  second	  molar	  transverse	  position	  had	  the	  second	  largest	  bias	  (0.11	  mm),	  followed	  by	  maxillary	  first	  molar	  transverse	  position	  (0.10	  mm).	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Table	  1.	  Bland-­‐Altman	  comparisons	  of	  clinical	  tooth	  position	  differences	  in	  the	  transverse,	  sagittal,	  and	  vertical	  planes	  of	  space	  
	  
Maxillary	   Direction	   n	  
Bias	  
(mm)	  
Lower	  Limits	  of	  
Agreements	  (mm)	  
Upper	  Limits	  of	  
Agreements	  (mm)	  
Limits	  of	  Agreement	  
Interval	  Width	  (mm)	  Second	  Molars	   Transverse	   28	   0.21	   -­‐0.08	   0.50	   0.58	  
	   Sagittal	   28	   0.04	   -­‐0.15	   0.22	   0.37	  
	   Vertical	   28	   -­‐0.02	   -­‐0.25	   0.21	   0.46	  First	  Molars	   Transverse	   30	   0.10	   -­‐0.13	   0.34	   0.47	  
	   Sagittal	   30	   0.00	   -­‐0.13	   0.13	   0.26	  
	   Vertical	   30	   0.02	   -­‐0.20	   0.25	   0.45	  Second	  Premolars	   Transverse	   30	   0.06	   -­‐0.11	   0.24	   0.35	  
	   Sagittal	   30	   0.04	   -­‐0.08	   0.16	   0.24	  
	   Vertical	   30	   -­‐0.02	   -­‐0.19	   0.14	   0.33	  First	  Premolars	   Transverse	   30	   0.04	   -­‐0.10	   0.18	   0.28	  
	   Sagittal	   30	   0.02	   -­‐0.12	   0.16	   0.28	  
	   Vertical	   30	   -­‐0.04	   -­‐0.21	   0.13	   0.34	  Canines	   Transverse	   30	   0.06	   -­‐0.09	   0.20	   0.29	  
	   Sagittal	   30	   -­‐0.04	   -­‐0.23	   0.15	   0.38	  
	   Vertical	   30	   -­‐0.01	   -­‐0.21	   0.19	   0.40	  Lateral	  Incisors	   Transverse	   30	   0.05	   -­‐0.10	   0.20	   0.30	  
	   Sagittal	   30	   0.01	   -­‐0.16	   0.17	   0.33	  
	   Vertical	   30	   0.00	   -­‐0.16	   0.16	   0.32	  Central	  Incisors	   Transverse	   30	   0.01	   -­‐0.08	   0.10	   0.18	  
	   Sagittal	   30	   -­‐0.05	   -­‐0.17	   0.06	   0.23	  
	   Vertical	   30	   0.00	   -­‐0.19	   0.19	   0.38	  
Mandibular	   	   	   	   	   	   	  Second	  Molars	   Transverse	   28	   0.11	   -­‐0.09	   0.30	   0.39	  
	   Sagittal	   28	   0.04	   -­‐0.20	   0.29	   0.49	  
	   Vertical	   28	   0.06	   -­‐0.22	   0.33	   0.35	  First	  Molars	   Transverse	   30	   0.06	   -­‐0.06	   0.18	   0.24	  
	   Sagittal	   30	   0.01	   -­‐0.12	   0.14	   0.26	  
	   Vertical	   30	   -­‐0.04	   -­‐0.22	   0.13	   0.35	  Second	  Premolars	   Transverse	   30	   0.03	   -­‐0.05	   0.11	   0.16	  
	   Sagittal	   30	   -­‐0.01	   -­‐0.12	   0.09	   0.21	  
	   Vertical	   30	   0.00	   -­‐0.19	   0.19	   0.38	  First	  Premolars	   Transverse	   30	   0.01	   -­‐0.07	   0.10	   0.17	  
	   Sagittal	   30	   -­‐0.03	   -­‐0.17	   0.11	   0.28	  
	   Vertical	   30	   0.02	   -­‐0.15	   0.18	   0.33	  Canines	   Transverse	   30	   0.03	   -­‐0.07	   0.13	   0.20	  
	   Sagittal	   30	   -­‐0.01	   -­‐0.10	   0.08	   0.18	  
	   Vertical	   30	   0.01	   -­‐0.12	   0.14	   0.26	  Lateral	  Incisors	   Transverse	   30	   -­‐0.02	   -­‐0.15	   0.10	   0.25	  
	   Sagittal	   30	   0.00	   -­‐0.11	   0.10	   0.21	  
	   Vertical	   30	   0.02	   -­‐0.09	   0.14	   0.23	  Central	  Incisors	   Transverse	   30	   -­‐0.01	   -­‐0.12	   0.09	   0.21	  
	   Sagittal	   30	   0.01	   -­‐0.08	   0.10	   0.18	  
	   Vertical	   30	   0.02	   -­‐0.10	   0.13	   0.23	  
	  The	  bias	  represents	  the	  average	  difference	  between	  the	  two	  methods.	  	  The	  Limits	  of	  Agreement	  represent	  the	  upper	  and	  lower	  range	  that	  95%	  of	  all	  values	  fall	  within.	  	  In	  the	  transverse	  direction,	  positive	  biases	  represent	  buccal	  displacement	  (expansion)	  of	  COS	  models	  relative	  to	  impression	  models.	  In	  the	  sagittal	  direction,	  positive	  biases	  represent	  posterior	  displacement	  of	  COS	  models	  relative	  to	  impression	  models.	  In	  the	  vertical	  direction,	  positive	  biases	  represent	  superior	  displacement	  (toward	  the	  top	  of	  the	  head)	  of	  COS	  models	  relative	  to	  impression	  models.	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The	  biases	  calculated	  in	  the	  Bland-­‐Altman	  analysis	  for	  all	  benchtop	  individual	  tooth	  position	  differences	  in	  the	  transverse,	  sagittal,	  and	  vertical	  planes	  of	  space	  are	  shown	  in	  Table	  2.	  Biases	  ranged	  from	  -­‐0.07	  mm	  to	  0.11	  mm	  in	  the	  maxilla	  and	  -­‐0.06	  mm	  to	  0.03	  mm	  in	  the	  mandible.	  Similar	  to	  the	  clinical	  study,	  the	  largest	  bias	  was	  found	  on	  maxillary	  second	  molar	  transverse	  width	  (0.11	  mm).	  Maxillary	  first	  molar	  transverse	  width	  and	  maxillary	  canine	  vertical	  position	  had	  the	  second	  largest	  biases	  (0.07	  mm	  and	  -­‐0.07	  mm,	  respectively).	  Mandibular	  second	  molar	  transverse	  width	  had	  the	  fourth	  largest	  bias	  (-­‐0.06	  mm).	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Table	  2.	  Bland-­‐Altman	  comparisons	  of	  benchtop	  tooth	  position	  differences	  in	  the	  transverse,	  sagittal,	  and	  vertical	  planes	  of	  space	  
	  
Maxillary	   Direction	   n	  
Bias	  
(mm)	  
Lower	  Limits	  of	  
Agreements	  (mm)	  
Upper	  Limits	  of	  
Agreement	  (mm)	  
Limits	  of	  Agreement	  
Interval	  Width	  (mm)	  Second	  Molars	   Transverse	   10	   0.11	   0.00	   0.22	   0.22	  
	   Sagittal	   10	   0.04	   -­‐0.06	   0.13	   0.19	  
	   Vertical	   10	   -­‐0.02	   -­‐0.14	   0.10	   0.24	  First	  Molars	   Transverse	   10	   0.07	   -­‐0.03	   0.16	   0.19	  
	   Sagittal	   10	   0.03	   -­‐0.07	   0.13	   0.20	  
	   Vertical	   10	   0.01	   -­‐0.04	   0.06	   0.10	  Second	  Premolars	   Transverse	   10	   0.02	   -­‐0.03	   0.08	   0.11	  
	   Sagittal	   10	   0.00	   -­‐0.09	   0.09	   0.18	  
	   Vertical	   10	   0.01	   -­‐0.07	   0.09	   0.16	  First	  Premolars	   Transverse	   10	   0.03	   -­‐0.03	   0.08	   0.11	  
	   Sagittal	   10	   0.00	   -­‐0.05	   0.06	   0.11	  
	   Vertical	   10	   -­‐0.02	   -­‐0.01	   0.05	   0.06	  Canines	   Transverse	   10	   0.04	   -­‐0.06	   0.13	   0.19	  
	   Sagittal	   10	   -­‐0.05	   -­‐0.16	   0.06	   0.22	  
	   Vertical	   10	   -­‐0.07	   -­‐0.16	   0.03	   0.19	  Lateral	  Incisors	   Transverse	   10	   0.03	   -­‐0.04	   0.09	   0.13	  
	   Sagittal	   10	   -­‐0.02	   -­‐0.07	   0.03	   0.10	  
	   Vertical	   10	   -­‐0.01	   -­‐0.09	   0.07	   0.16	  Central	  Incisors	   Transverse	   10	   0.01	   -­‐0.07	   0.08	   0.15	  
	   Sagittal	   10	   -­‐0.04	   -­‐0.09	   0.00	   0.09	  
	   Vertical	   10	   -­‐0.03	   -­‐0.08	   0.03	   0.11	  
Mandibular	   	   	   	   	   	   	  Second	  Molars	   Transverse	   10	   -­‐0.06	   -­‐0.14	   0.03	   0.17	  
	   Sagittal	   10	   0.03	   -­‐0.07	   0.14	   0.21	  
	   Vertical	   10	   -­‐0.01	   -­‐0.11	   0.08	   0.19	  First	  Molars	   Transverse	   10	   -­‐0.04	   -­‐0.16	   0.07	   0.23	  
	   Sagittal	   10	   0.00	   -­‐0.12	   0.12	   0.24	  
	   Vertical	   10	   -­‐0.02	   -­‐0.08	   0.04	   0.12	  Second	  Premolars	   Transverse	   10	   -­‐0.03	   -­‐0.13	   0.06	   0.19	  
	   Sagittal	   10	   0.02	   -­‐0.11	   0.15	   0.26	  
	   Vertical	   10	   0.01	   -­‐0.07	   0.09	   0.16	  First	  Premolars	   Transverse	   10	   -­‐0.02	   -­‐0.09	   0.05	   0.14	  
	   Sagittal	   10	   0.01	   -­‐0.04	   0.05	   0.09	  
	   Vertical	   10	   0.01	   -­‐0.08	   0.10	   0.18	  Canines	   Transverse	   10	   -­‐0.01	   -­‐0.11	   0.09	   0.20	  
	   Sagittal	   10	   -­‐0.03	   -­‐0.11	   0.05	   0.16	  
	   Vertical	   10	   0.01	   -­‐0.12	   0.14	   0.26	  Lateral	  Incisors	   Transverse	   10	   0.00	   -­‐0.09	   0.09	   0.18	  
	   Sagittal	   10	   -­‐0.01	   -­‐0.05	   0.03	   0.08	  
	   Vertical	   10	   0.02	   -­‐0.05	   0.10	   0.15	  Central	  Incisors	   Transverse	   10	   -­‐0.01	   -­‐0.09	   0.08	   0.17	  
	   Sagittal	   10	   -­‐0.02	   -­‐0.07	   0.02	   0.09	  
	   Vertical	   10	   0.00	   -­‐0.06	   0.06	   0.12	  
	  The	  bias	  represents	  the	  average	  difference	  between	  the	  two	  methods.	  	  The	  Limits	  of	  Agreement	  represent	  the	  upper	  and	  lower	  range	  that	  95%	  of	  all	  values	  fall	  within.	  	  In	  the	  transverse	  direction,	  positive	  biases	  represent	  buccal	  displacement	  (expansion)	  of	  COS	  models	  relative	  to	  3Shape	  models.	  In	  the	  sagittal	  direction,	  positive	  biases	  represent	  posterior	  displacement	  of	  COS	  models	  relative	  to	  3Shape	  models.	  In	  the	  vertical	  direction,	  positive	  biases	  represent	  superior	  displacement	  (toward	  the	  top	  of	  the	  head)	  of	  COS	  models	  relative	  to	  3Shape	  models.	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The	  Bland-­‐Altman	  biases	  for	  archwidth	  differences	  are	  shown	  in	  Table	  3.	  These	  biases	  ranged	  from	  0.04	  to	  0.32	  mm	  in	  the	  clinical	  procedure	  and	  -­‐0.10	  to	  0.17	  mm	  in	  the	  benchtop	  procedure	  (Table	  3).	  The	  largest	  discrepancy	  in	  the	  clinical	  procedure	  was	  found	  on	  maxillary	  molar	  width	  (0.32	  mm),	  followed	  by	  mandibular	  molar	  width	  (0.17	  mm).	  The	  largest	  discrepancy	  in	  the	  benchtop	  procedure	  was	  found	  on	  maxillary	  molar	  width	  (0.17	  mm),	  followed	  by	  mandibular	  molar	  width	  	  (-­‐0.10	  mm).	  	  	  	  
Table	  3.	  Bland-­‐Altman	  comparisons	  of	  archwidth	  differences	  	  
Procedure	  
Type	   Tooth	  Category	  
	  
n	  
Bias	  
(mm)	   Lower	  Limits	  of	  Agreement	  (mm)	   Upper	  Limits	  of	  Agreement	  (mm)	   Limits	  of	  Agreement	  Interval	  Width	  (mm)	  Clinical	   Maxillary	  Molars	   29	   0.32	   -­‐0.22	   0.85	   1.07	  	   Maxillary	  Premolars	   30	   0.11	   -­‐0.19	   0.40	   0.59	  	   Maxillary	  Canines	   15	   0.11	   -­‐0.06	   0.28	   0.34	  	   Mandibular	  Molars	   29	   0.17	   -­‐0.14	   0.48	   0.62	  	   Mandibular	  Premolars	   30	   0.04	   -­‐0.10	   0.18	   0.28	  	   Mandibular	  Canines	   15	   0.06	   -­‐0.09	   0.21	   0.30	  Benchtop	   Maxillary	  Molars	   10	   0.17	   -­‐0.03	   0.38	   0.41	  	   Maxillary	  Premolars	   10	   0.05	   -­‐0.03	   0.13	   0.16	  	   Maxillary	  Canines	   5	   0.08	   -­‐0.04	   0.20	   0.24	  	   Mandibular	  Molars	   10	   -­‐0.10	   -­‐0.29	   0.09	   0.38	  	   Mandibular	  Premolars	   10	   -­‐0.05	   -­‐0.21	   0.11	   0.32	  	   Mandibular	  Canines	   5	   -­‐0.02	   -­‐0.19	   0.14	   0.33	  	  The	  bias	  represents	  the	  average	  difference	  between	  the	  two	  methods.	  	  The	  Limits	  of	  Agreement	  represent	  the	  upper	  and	  lower	  range	  that	  95%	  of	  all	  values	  fall	  within.	  Positive	  biases	  represent	  increased	  archwidth,	  or	  expansion,	  of	  COS	  models	  relative	  to	  impression	  models	  in	  the	  clinical	  group	  and	  3Shape	  models	  in	  the	  benchtop	  group.	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The	  Bland-­‐Altman	  plots	  for	  clinical	  maxillary	  molar	  archwidth	  differences,	  clinical	  maxillary	  premolar	  archwidth	  differences,	  and	  benchtop	  maxillary	  molar	  archwidth	  differences	  are	  shown	  in	  Figure	  10.	  As	  the	  average	  clinical	  maxillary	  molar	  archwidth	  values	  increased,	  the	  archwidth	  difference	  tended	  to	  also	  increase	  (Figure	  10.	  A).	  The	  same	  trend	  was	  noted	  for	  clinical	  maxillary	  premolar	  archwidth	  (Figure	  10.	  B)	  and	  benchtop	  maxillary	  premolar	  archwidth	  (Figure	  10.	  C).	  	  
Figure	  10.	  Bland-­‐Altman	  comparisons	  for	  archwidth	  differences	  	  
A.	  
	  
B.	  
	  
C.	  
	  
Bland-­‐Altman	  comparisons	  for	  archwidth	  differences	  in	  A.	  clinical	  maxillary	  molars,	  B.	  clinical	  maxillary	  premolars,	  and	  C.	  benchtop	  maxillary	  molars.	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The	  Bland-­‐Altman	  bias	  for	  archlength	  difference	  in	  the	  clinical	  procedure	  was	  -­‐0.30	  mm,	  with	  95%	  agreement	  limits	  of	  -­‐0.73	  mm	  and	  0.14	  mm.	  In	  the	  benchtop	  procedure,	  the	  bias	  was	  -­‐0.16	  mm,	  with	  95%	  agreements	  of	  -­‐0.51	  mm	  and	  0.19	  mm.	  The	  negative	  biases	  indicate	  that	  COS	  models	  have	  shorter	  average	  archlengths	  than	  impression	  models	  from	  the	  clinical	  procedure	  and	  3Shape	  models	  from	  the	  benchtop	  procedure.	  	  
Time	  Requirements	  
	  
	  
	  Time	  requirements	  to	  perform	  COS	  scans,	  impressions,	  and	  to	  process	  both	  procedures	  are	  reported	  in	  Table	  4.	  The	  mean	  chairside	  impression	  time	  was	  statistically	  shorter	  than	  the	  mean	  chairside	  scan	  time	  (P<0.0001).	  When	  the	  processing	  time	  requirements	  were	  included,	  the	  mean	  total	  impression	  time	  was	  not	  significantly	  different	  from	  the	  mean	  total	  scan	  time	  (P=0.0649).	  	  	  
	  
Table	  4.	  Time	  requirements	  	  
	   Mean	  +/-­‐	  SD	  	   Minimum	  	   Maximum	   Variance	  	  Chairside	  Scan	  Time	   20m,	  27s	  +/-­‐	  3m,	  6s	   15m,	  29s	   24m,	  46s	   0.15174	  Chairside	  Impression	  Time	   7m,	  35s	  +/-­‐	  0m,	  26s	   6m,	  32s	   8m,	  7s	   0.05612	  Total	  Scan	  Time	   20m,	  47s	  +/-­‐	  3m,	  7s	   15m,	  45s	   25m,	  1s	   0.15027	  Total	  Impression	  Time	   22m,	  12s	  +/-­‐	  1m,	  18s	   18m,	  59s	   24m,	  22s	   0.05880	  
	  	  	  The	  scan	  time	  tended	  to	  decrease	  by	  an	  average	  of	  twelve	  seconds	  for	  each	  subject	  scanned,	  but	  this	  effect	  was	  not	  statistically	  significant	  (P=0.2944).	  Similarly,	  the	  scans	  times	  of	  the	  first	  seven	  subjects	  were	  not	  significantly	  different	  from	  that	  of	  the	  last	  8	  subjects	  (P=0.1198).	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Patient	  Acceptance	  	  
	  The	  majority	  (73.33%)	  of	  subjects	  preferred	  conventional	  impressions	  because	  they	  were	  “easier”	  and/or	  “faster,”	  while	  26.67%	  of	  subjects	  preferred	  the	  COS	  scan	  because	  it	  was	  “more	  comfortable.”	  The	  majority	  of	  subjects	  rated	  their	  experiences	  of	  impressions	  as	  “somewhat	  uncomfortable”	  or	  “somewhat	  comfortable,”	  while	  the	  majority	  of	  subjects	  rated	  their	  COS	  scanning	  and	  powdering	  experience	  as	  “neutral”	  (Table	  5).	  	  
Table	  5.	  Summary	  of	  subjective	  patient	  experience	  
	  	   Impressions	  	   COS	  Scan	  	   Isolation	  and	  Powdering	  for	  COS	  Scan	  Very	  Uncomfortable	   0%	   0%	   6.67%	  Somewhat	  Uncomfortable	   33.33%	   40.00%	   33.33%	  Neutral	   26.67%	   46.67%	   40.00%	  Somewhat	  Comfortable	   33.33%	   13.33%	   13.33%	  Very	  Comfortable	   6.67%	   0%	   6.67%	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Discussion	  
	  	  There	  is	  limited	  evidence	  in	  the	  scientific	  literature	  regarding	  the	  accuracy,	  time	  efficiency,	  and	  patient	  acceptance	  of	  full-­‐arch	  intraoral	  scans	  in	  an	  orthodontic	  setting.	  In	  order	  for	  these	  technologies	  to	  be	  accepted	  and	  regularly	  used	  by	  orthodontists,	  these	  criteria	  need	  to	  be	  well	  defined	  in	  the	  literature.	  	  	  The	  methodology	  used	  to	  compare	  the	  two	  types	  of	  models	  differs	  from	  that	  used	  in	  previous	  studies.	  The	  traditional	  method	  to	  assess	  for	  differences	  between	  models	  is	  by	  measuring	  with	  a	  caliper	  (Flemming	  et	  al.,	  2011).	  However,	  a	  recent	  study	  by	  Larson	  et	  al.	  (2013)	  demonstrated	  that	  eModel	  compare	  software	  was	  able	  to	  evaluate	  differences	  between	  digital	  models	  of	  a	  SureSmile	  virtual	  treatment	  plan	  and	  digitized	  final	  models.	  This	  supports	  the	  methodology	  of	  the	  current	  study,	  which	  used	  this	  software	  to	  measure	  tooth	  position	  differences.	  	  	  
eModel	  software,	  along	  with	  each	  scanner,	  has	  limitations	  with	  respect	  to	  resolution.	  The	  resolution	  of	  the	  eModel	  software	  can	  be	  adjusted,	  but	  was	  set	  to	  1	  μm	  for	  this	  study.	  This,	  however,	  does	  not	  represent	  the	  accuracy	  of	  the	  digital	  models.	  The	  accuracy	  of	  each	  model	  is	  limited	  by	  the	  resolution	  of	  the	  scanner	  that	  recorded	  it.	  The	  resolution	  of	  the	  COS	  scanner	  is	  50	  μm,	  the	  resolution	  of	  the	  Orthproof	  CT	  scanner	  is	  150	  μm,	  and	  the	  resolution	  of	  the	  3Shape	  scanner	  is	  20	  μm.	  Positional	  differences	  that	  were	  smaller	  than	  the	  resolution	  of	  each	  scanner	  could	  not	  be	  
	  34	  
assessed,	  however,	  the	  magnitude	  of	  these	  errors	  was	  not	  considered	  to	  be	  clinically	  relevant.	  	  A	  possible	  limitation	  of	  this	  study	  was	  the	  sample	  size	  used,	  and	  a	  larger	  sample	  size	  may	  be	  needed	  to	  assess	  each	  parameter.	  Fifteen	  subjects	  were	  evaluated	  for	  time	  requirements	  and	  patient	  acceptance,	  and	  a	  larger	  sample	  size	  may	  provide	  a	  more	  accurate	  measurement	  across	  the	  general	  population.	  Another	  possible	  limitation	  of	  this	  study	  was	  that	  only	  one	  examiner	  performed	  all	  clinical	  measurements.	  Individual	  differences	  in	  operator	  skill	  and	  experience	  may	  create	  a	  bias	  with	  respect	  to	  any	  of	  the	  parameters	  evaluated.	  With	  multiple	  examiners,	  one	  might	  be	  able	  to	  describe	  how	  inter-­‐operator	  differences	  could	  affect	  accuracy,	  time,	  and	  patient	  acceptance.	  Additionally,	  multiple	  operators	  would	  allow	  inter-­‐operator	  reproducibility	  to	  be	  evaluated.	  	  A	  Bland-­‐Altman	  comparison	  was	  the	  chosen	  statistical	  method	  for	  measuring	  tooth	  discrepancies	  in	  this	  study	  because	  it	  is	  commonly	  used	  for	  method	  comparison	  studies	  (Bland	  and	  Altman,	  2012).	  One	  limitation	  of	  this	  analysis	  is	  that	  a	  P-­‐value	  cannot	  be	  measured	  using	  a	  Bland-­‐Altman	  comparison.	  However,	  each	  reader	  can	  determine	  if	  the	  differences	  between	  the	  two	  methods	  are	  clinically	  significant	  for	  him	  or	  her.	  	  	  The	  relative	  accuracy	  of	  the	  COS,	  compared	  to	  alginate	  impressions,	  was	  excellent	  as	  evidenced	  by	  small	  Bland-­‐Altman	  biases.	  The	  Bland-­‐Altman	  biases	  for	  individual	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tooth	  positions	  in	  the	  clinical	  study	  ranged	  from	  -­‐0.05	  mm	  to	  0.21	  mm,	  while	  those	  of	  the	  benchtop	  study	  ranged	  from	  -­‐0.07	  mm	  to	  0.11	  mm.	  In	  both	  the	  clinical	  and	  benchtop	  procedures,	  the	  maxillary	  second	  molar	  transverse	  dimension	  had	  the	  greatest	  bias.	  Also	  in	  both	  procedures,	  the	  bias	  on	  the	  maxillary	  first	  and	  second	  molars	  transverse	  width	  increased	  from	  model	  segmentations	  to	  individual	  tooth	  superimpositions,	  indicating	  that	  these	  teeth	  were,	  on	  average,	  more	  buccally	  positioned	  on	  COS	  models	  than	  on	  impression	  or	  3Shape	  models.	  For	  the	  mandibular	  arch,	  similar	  conclusions	  can	  be	  drawn:	  the	  average	  first	  and	  second	  molar	  positions	  on	  COS	  models	  were	  more	  buccally	  positioned	  than	  that	  of	  impression	  models.	  However,	  for	  the	  mandibular	  arch	  benchtop,	  the	  opposite	  is	  true.	  Here,	  the	  first	  and	  second	  molar	  positions	  on	  COS	  models	  were,	  on	  average,	  more	  lingually	  positioned	  than	  that	  of	  3Shape	  models.	  	  The	  Bland-­‐Altman	  biases	  for	  archwidth	  discrepancies	  ranged	  from	  0.04	  mm	  to	  0.32	  mm	  in	  the	  clinical	  procedure	  and	  -­‐0.10	  mm	  to	  0.17	  mm	  in	  the	  benchtop	  procedure.	  In	  the	  clinical	  procedure,	  the	  maxillary	  and	  mandibular	  molars	  had	  a	  larger	  average	  transverse	  width	  on	  COS	  models	  when	  compared	  to	  impression	  models.	  In	  the	  benchtop	  procedure,	  the	  maxillary	  molars	  had	  a	  larger	  average	  transverse	  width	  when	  compared	  to	  3Shape	  models,	  but	  the	  mandibular	  molars	  had	  a	  smaller	  average	  transverse	  width	  when	  compared	  to	  3Shape	  models.	  Maxillary	  canines	  in	  the	  benchtop	  procedure	  were	  generally	  positioned	  more	  inferiorly	  on	  COS	  models	  when	  compared	  to	  3Shape	  models	  (Bias	  =	  -­‐0.07	  mm),	  but	  no	  clear	  reason	  for	  this	  observation	  can	  be	  drawn.	  Had	  tooth	  displacement	  occurred	  in	  the	  same	  direction	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(e.g.	  all	  upper	  molars	  were	  displaced	  to	  the	  right),	  an	  archwidth	  change	  may	  not	  be	  detected	  if	  the	  displacement	  was	  symmetrical	  on	  the	  right	  and	  left.	  However,	  these	  displacements	  would	  be	  seen	  on	  measurements	  of	  individual	  tooth	  position	  differences,	  and	  no	  such	  discrepancies	  were	  observed.	  	  	  As	  the	  clinical	  maxillary	  molar	  average	  archwidth	  value	  increased,	  the	  archwidth	  difference	  also	  increased.	  This	  indicates	  that	  the	  error	  in	  archwidth	  became	  larger	  as	  the	  archwidth	  value	  increased,	  and	  this	  relationship	  appeared	  to	  be	  linear.	  The	  same	  was	  true	  for	  archwidth	  values	  of	  maxillary	  premolars	  (clinical)	  and	  maxillary	  molars	  (benchtop).	  No	  other	  groups	  of	  teeth	  in	  the	  clinical	  or	  benchtop	  procedures	  exhibited	  these	  trends.	  This	  finding	  is	  significant	  in	  that	  broad	  arches	  may	  produce	  more	  error	  when	  measuring	  archwidth,	  as	  compared	  to	  narrow	  arches.	  	  	  The	  Bland-­‐Altman	  biases	  for	  archlength	  discrepancies	  were	  -­‐0.30	  mm	  in	  the	  clinical	  procedure	  and	  -­‐0.16	  mm	  in	  the	  benchtop	  procedure.	  The	  negative	  values	  indicate	  that	  COS	  models	  have	  shorter	  average	  archlengths	  than	  impression	  and	  3Shape	  models.	  One	  might	  expect	  the	  archlength	  bias	  to	  be	  greater	  than	  that	  of	  archwidth	  and	  individual	  tooth	  position	  biases	  because	  archlength	  bias	  takes	  into	  account	  the	  positional	  discrepancies	  of	  every	  tooth	  in	  each	  arch,	  whereas	  individual	  tooth	  position	  and	  archwidth	  biases	  only	  take	  into	  account	  the	  positional	  discrepancies	  of	  single	  teeth	  or	  pairs	  of	  teeth.	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Each	  clinician	  will	  have	  to	  make	  their	  own	  judgment	  as	  to	  whether	  these	  differences	  in	  individual	  tooth	  positions,	  archwidth,	  and	  archlength	  are	  clinically	  significant	  in	  their	  own	  practice.	  On	  the	  basis	  of	  the	  present	  results,	  it	  is	  reasonable	  to	  conclude	  that	  the	  COS	  is	  able	  to	  reproduce	  full-­‐arch	  scans	  to	  a	  clinically	  acceptable	  standard,	  as	  defined	  by	  orthodontic	  professionals.	  My	  threshold	  for	  accepting	  tooth	  position	  discrepancies	  would	  be	  values	  less	  than	  0.5	  mm,	  primarily	  because	  the	  American	  Board	  of	  Orthodontics	  	  (ABO)	  Objective	  Grading	  System	  uses	  this	  value	  as	  a	  threshold	  when	  scoring	  marginal	  ridge	  discrepancies.	  Values	  less	  than	  0.5	  mm	  are	  judged	  to	  have	  acceptable	  quality	  according	  to	  ABO	  standards.	  	  	  A	  question	  arises	  as	  to	  whether	  a	  chairside	  oral	  scanner	  can	  produce	  digital	  models	  that	  are	  more	  accurate	  than	  models	  produced	  from	  alginate	  impressions?	  With	  impressions,	  there	  is	  inherent	  error	  with	  alginate	  shrinkage	  upon	  desiccation,	  the	  actual	  impression	  and	  digitization	  processes,	  moisture	  and	  soft	  tissue	  contamination,	  and	  obtaining	  accurate	  information	  in	  areas	  with	  undercuts	  (Gilmore	  et	  al.,	  1958;	  Rudd	  et	  al.,	  1969;	  Miller,	  1975;	  Coleman	  et	  al.,	  1979;	  Powers	  and	  Sakaguchi,	  2006).	  The	  majority	  of	  error	  in	  the	  COS	  procedure	  probably	  takes	  place	  during	  the	  scanning	  process,	  where	  moisture	  and	  soft	  tissue	  contamination,	  along	  with	  limitations	  in	  the	  scanner	  resolution,	  will	  limit	  accuracy.	  In	  reality,	  neither	  method	  can	  probably	  produce	  an	  exact	  replica	  of	  the	  dentition.	  However,	  alginate	  impressions	  have	  proven	  to	  produce	  clinically	  acceptable	  models	  and	  are	  currently	  considered	  the	  gold	  standard	  for	  orthodontic	  diagnosis	  and	  treatment	  planning	  (Flemming	  et	  al.,	  2011).	  It	  can	  be	  assumed	  that	  while	  there	  is	  still	  limited	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evidence	  available	  on	  oral	  scans,	  the	  more	  processing	  steps	  that	  can	  be	  eliminated	  in	  the	  production	  of	  digital	  models,	  the	  more	  accurate	  the	  models	  may	  be.	  For	  this	  reason,	  COS	  models	  could	  theoretically	  be	  more	  accurate	  than	  the	  digital	  models	  produced	  from	  alginate	  impressions.	  	  The	  accuracy	  of	  appliance	  fabrication	  from	  COS	  scans	  was	  not	  evaluated	  in	  the	  current	  study.	  Examples	  of	  appliances	  that	  could	  be	  fabricated	  from	  chairside	  oral	  scans	  include	  Hawley	  and	  vacuform	  retainers,	  Hyrax	  and	  Haas	  expanders,	  trans-­‐palatal	  arches,	  and	  lower	  lingual	  arches.	  It	  is	  reasonable	  to	  surmise	  that	  these	  appliances	  would	  fit	  well	  in	  clinical	  situations	  because	  of	  the	  similarities	  in	  accuracy	  between	  COS	  and	  alginate	  models.	  However,	  additional	  processing	  steps	  would	  be	  required	  to	  fabricate	  these	  appliances.	  In	  a	  study	  by	  Cuperus	  et	  al.	  (2012),	  stereolithographic	  models	  were	  fabricated	  from	  digital	  models	  produced	  from	  COS	  scans.	  The	  stereolithographic	  models	  were	  found	  to	  be	  statistically	  less	  accurate	  than	  that	  of	  digital	  models	  when	  compared	  to	  a	  human	  skull	  reference	  model,	  but	  the	  differences	  were	  not	  found	  to	  be	  clinically	  significant.	  	  Additional	  studies	  that	  investigate	  the	  accuracy	  of	  stereolithographic	  models	  may	  be	  needed	  before	  the	  accuracy	  of	  appliance	  fabrication	  from	  digital	  models	  can	  be	  fully	  understood.	  	  	  	  An	  important	  idea	  to	  consider	  when	  the	  COS	  builds	  a	  3-­‐D	  model	  is	  how	  accurate	  the	  model	  is	  from	  right	  to	  left.	  Think	  of	  building	  a	  skyscraper.	  When	  each	  floor	  is	  built,	  it	  requires	  that	  the	  architects	  use	  the	  building	  foundation	  as	  a	  reference	  point.	  If	  each	  floor	  was	  constructed	  by	  only	  using	  the	  floor	  below	  as	  a	  reference,	  it	  is	  easy	  to	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imagine	  how	  the	  building	  may	  begin	  to	  lean	  one	  way	  or	  another,	  and	  as	  the	  building	  grows	  taller,	  the	  error	  becomes	  greater.	  A	  similar	  idea	  can	  be	  applied	  to	  the	  COS	  scanner.	  If	  the	  scanner	  relies	  heavily	  on	  adjacent	  teeth	  to	  build	  an	  arch,	  then	  a	  significant	  discrepancy	  could	  exist	  between	  teeth	  on	  the	  right	  and	  left	  sides	  of	  the	  mouth.	  If,	  instead,	  the	  scanner	  uses	  a	  reference	  foundation	  to	  build	  the	  arch,	  then	  one	  would	  expect	  this	  discrepancy	  to	  be	  minimal.	  In	  this	  study,	  one	  way	  to	  assess	  this	  concept	  is	  to	  compare	  archwidth	  discrepancies	  between	  the	  two	  measurements.	  Archwidth	  can	  be	  thought	  of	  a	  measure	  of	  extremes,	  similar	  to	  comparing	  the	  top	  of	  a	  skyscraper	  to	  the	  bottom,	  where	  the	  greatest	  amount	  of	  error	  could	  be	  observed.	  Because	  these	  discrepancies	  were	  very	  small,	  I	  consider	  the	  COS	  to	  be	  very	  good	  at	  constructing	  an	  appropriate	  archform.	  	  	  	  	  The	  present	  study	  is,	  to	  the	  best	  of	  my	  knowledge,	  the	  only	  study	  that	  investigates	  tooth	  position	  discrepancies	  of	  full	  arch	  intraoral	  scans	  in	  all	  three	  planes	  of	  space.	  Many	  of	  the	  previous	  studies	  on	  intraoral	  scans	  have	  been	  limited	  to	  single	  elements	  in	  restorative	  dentistry	  (Luthardt	  et	  al.,	  2005;	  da	  Costa	  et	  al.,	  2010;	  Cardelli	  et	  al.,	  2011;	  Brawek	  et	  al.,	  2013;	  Güth	  et	  al.,	  2013).	  These	  studies	  generally	  concluded	  that	  models	  produced	  from	  intraoral	  scans	  are	  accurate	  for	  purposes	  of	  restorative	  dentistry	  when	  compared	  to	  reference	  models.	  Other	  studies	  measuring	  the	  accuracy	  of	  full-­‐arch	  intraoral	  scans	  generally	  found	  that	  these	  models	  were	  clinically	  acceptable	  (Redmond	  et	  al.,	  2010;	  Ender	  and	  Mehl,	  2011;	  Cuperus	  et	  al.,	  2012;	  Naidu	  and	  Freer,	  2013;	  Wiranto	  et	  al.,	  2013).	  However,	  some	  statistically	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significant	  differences	  were	  measured	  between	  intraoral	  scan	  models	  and	  reference	  models.	  	  In	  the	  present	  study,	  chairside	  impression	  time	  was	  significantly	  shorter	  than	  chairside	  scan	  time,	  but	  total	  impression	  time	  (including	  impression	  disinfection	  and	  packaging)	  was	  not	  significantly	  different	  from	  total	  scan	  time	  (including	  scan	  processing).	  In	  this	  study,	  28	  of	  30	  arches	  had	  at	  least	  second	  molars	  present,	  and	  including	  these	  teeth	  will	  require	  more	  scanning	  than	  only	  including	  first	  molars.	  If	  only	  first	  molars	  were	  present,	  then	  it	  is	  conceivable	  that	  scan	  time	  would	  be	  shorter	  than	  scanning	  arches	  with	  second	  molars.	  Strictly	  relating	  to	  chairside	  time,	  impressions	  are	  preferred	  over	  COS	  scans.	  For	  total	  impression	  time,	  ten	  minutes	  was	  added	  for	  disinfection,	  per	  the	  manufacturer’s	  recommendations.	  These	  ten	  minutes	  would	  not	  necessarily	  require	  a	  person’s	  full	  attention,	  suggesting	  that	  total	  impression	  time	  includes	  ten	  minutes	  of	  “idle	  time”	  that	  could	  be	  used	  to	  perform	  other	  tasks	  around	  the	  office.	  Strictly	  relating	  to	  total	  time,	  neither	  method	  is	  preferred	  over	  the	  other.	  	  In	  my	  opinion,	  an	  efficient	  full-­‐arch	  scan	  using	  the	  Lava	  COS	  would	  require	  12	  minutes	  of	  time,	  including	  three	  minutes	  for	  isolation	  and	  powdering,	  four	  minutes	  to	  scan	  the	  mandibular	  arch,	  four	  minutes	  to	  scan	  the	  maxillary	  arch,	  and	  one	  minute	  to	  take	  a	  bite	  registration	  and	  remove	  the	  isolation	  materials.	  Considering	  that	  most	  offices	  will	  probably	  only	  have	  one	  scanner,	  only	  one	  scan	  can	  be	  performed	  at	  a	  time.	  And	  given	  that	  the	  fastest	  scans	  could	  be	  done	  in	  12	  minutes,	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plus	  a	  minimum	  of	  eight	  minutes	  to	  process	  the	  scans,	  disinfect	  the	  unit,	  set-­‐up	  a	  new	  unit,	  enter	  the	  next	  patient	  information	  into	  the	  scanner,	  and	  seat	  and	  prepare	  the	  next	  patient,	  each	  patient	  would	  require	  a	  minimum	  of	  20	  minutes	  to	  perform	  the	  entire	  procedure	  and	  have	  the	  unit	  ready	  for	  the	  next	  patient.	  In	  an	  eight-­‐hour	  workday,	  this	  adds	  up	  to	  a	  maximum	  of	  24	  scans	  that	  could	  be	  performed,	  and	  this	  is	  assuming	  perfect	  efficiency.	  It	  is	  reasonable	  to	  assume	  that,	  in	  reality,	  less	  than	  24	  scans	  could	  be	  performed	  in	  an	  eight-­‐hour	  day.	  When	  this	  is	  compared	  to	  impressions,	  where	  multiple	  staff	  member	  could	  be	  taking	  impressions	  at	  a	  given	  time,	  they	  are	  more	  practical	  than	  COS	  scans	  with	  respect	  to	  time	  requirements	  and	  performing	  multiple	  at	  one	  time.	  	  	  	  Two	  other	  studies	  (Redmond	  et	  al.,	  2010;	  Wiranto	  et	  al.,	  2013)	  discuss	  the	  time	  requirements	  to	  perform	  full-­‐arch	  intraoral	  scans	  using	  the	  COS	  system.	  The	  mean	  scan	  times	  of	  these	  other	  studies	  were	  longer	  than	  that	  of	  the	  current	  study.	  The	  mean	  scan	  times	  of	  Wiranto	  et	  al.	  (2013)	  and	  Redmond	  et	  al.	  (2010)	  were	  23	  minutes	  and	  26	  minutes,	  respectively.	  The	  slowest	  scan	  times	  of	  these	  other	  studies	  were	  also	  longer	  than	  that	  of	  the	  current	  study,	  40	  minutes	  and	  46	  minutes,	  respectively.	  The	  fastest	  scan	  times	  between	  these	  other	  studies	  and	  the	  current	  study	  were	  similar,	  14	  minutes	  and	  16	  minutes,	  respectively.	  A	  possible	  explanation	  for	  the	  current	  study	  to	  require	  fewer	  minutes	  to	  scan	  is	  because	  of	  additional	  operator	  training.	  Furthermore,	  the	  scanning	  sequence	  of	  the	  current	  study	  was	  the	  same	  for	  all	  subjects	  and	  followed	  the	  manufacturer’s	  recommendations,	  while	  that	  of	  the	  Wiranto	  et	  al.	  (2013)	  study	  changed	  as	  the	  examiners	  became	  more	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experienced.	  Hence,	  the	  current	  study	  demonstrated	  that	  the	  decrease	  in	  scan	  time	  as	  operator	  experience	  increased	  was	  not	  significant,	  while	  both	  other	  studies	  commented	  that	  scan	  times	  decreased	  as	  operator	  experience	  increased.	  Statistical	  significance,	  however,	  was	  not	  determined	  in	  these	  other	  studies.	  According	  to	  Ender	  and	  Mehl	  (2013b),	  the	  accuracy	  of	  digital	  scans	  will	  vary	  with	  the	  scanning	  sequence,	  and	  if	  the	  scanning	  sequence	  diverges	  from	  the	  manufacturer’s	  recommendation,	  the	  accuracy	  declines.	  It	  is	  therefore	  important	  to	  have	  a	  standard	  scanning	  protocol	  for	  all	  patients,	  and	  to	  have	  a	  protocol	  that	  follows	  the	  manufacturer’s	  recommendations.	  	  With	  respect	  to	  patient	  preference,	  impressions	  were	  favored	  over	  COS	  scans	  in	  the	  present	  study.	  Subjects	  preferred	  alginate	  impressions	  (73.33%)	  over	  COS	  scans	  (26.67%),	  primarily	  because	  they	  were	  “easier”	  and/or	  “faster.”	  During	  the	  study,	  one	  subject	  pulled	  the	  impression	  material	  out	  of	  their	  mouth	  due	  to	  a	  strong	  gag	  reflex.	  A	  second	  impression	  was	  successfully	  taken	  immediately	  after,	  and	  a	  less	  severe	  gag	  reflex	  appeared	  to	  be	  experienced	  this	  time.	  Interestingly,	  the	  patient	  reported	  on	  the	  questionnaire	  that	  they	  preferred	  impressions	  over	  the	  COS	  scan.	  Although	  the	  majority	  of	  subjects	  preferred	  alginate	  impressions,	  about	  one	  in	  four	  subjects	  preferred	  the	  COS	  scan.	  The	  primary	  reason	  why	  subjects	  preferred	  the	  COS	  scan	  over	  impressions	  was	  because	  they	  were	  “more	  comfortable.”	  As	  with	  any	  new	  technology,	  there	  could	  be	  novelty	  effect	  that	  makes	  the	  product	  more	  appealing.	  It	  could	  appeal	  not	  only	  to	  the	  patients	  receiving	  the	  scan,	  but	  also	  to	  the	  dentists	  who	  are	  referring	  patients	  for	  orthodontic	  treatment.	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  One	  other	  study	  by	  Farah	  and	  Brown	  (2009)	  found	  that	  75%	  of	  122	  participants	  preferred	  COS	  scans,	  7.5%	  preferred	  alginate	  impressions,	  and	  the	  remainder	  had	  no	  preference.	  This	  differs	  drastically	  from	  the	  current	  study,	  where	  73.33%	  of	  participants	  preferred	  impressions.	  One	  primary	  difference	  between	  that	  study	  and	  the	  current	  study	  is	  that	  Farah	  and	  Brown	  only	  scanned	  opposing	  quadrants	  rather	  than	  the	  full	  dentition.	  One	  possible	  explanation	  for	  the	  difference	  in	  patient	  preference	  between	  the	  current	  study	  and	  the	  study	  by	  Farah	  and	  Brown	  is	  that	  the	  scan	  area	  and/or	  scan	  time	  may	  have	  an	  effect	  on	  patient	  acceptance.	  It	  is	  conceivable	  that	  limiting	  the	  scan	  area	  and/or	  time	  could	  improve	  patient	  acceptance.	  	  	  	  Several	  difficulties	  were	  encountered	  in	  this	  study.	  First,	  there	  were	  three	  scans	  that	  had	  to	  be	  excluded	  from	  the	  clinical	  procedure.	  Two	  of	  these	  scans	  were	  excluded	  because	  the	  COS	  froze	  mid-­‐scan,	  and	  the	  machine	  had	  to	  be	  rebooted.	  For	  one	  of	  these	  freezes,	  all	  of	  the	  information	  that	  was	  captured	  prior	  to	  the	  crash	  was	  saved.	  In	  the	  other	  freeze,	  all	  of	  the	  data	  for	  the	  maxillary	  arch	  scan	  was	  lost	  during	  the	  crash	  and	  the	  entire	  maxillary	  arch	  had	  to	  be	  rescanned.	  The	  third	  scan	  was	  excluded	  because	  the	  processing	  software	  (Lava	  TMP;	  3M	  ESPE,	  St.	  Paul,	  MN,	  USA)	  reported	  a	  distortion	  in	  the	  study	  model,	  although	  this	  error	  was	  not	  noted	  by	  the	  COS	  during	  the	  scan.	  It	  does	  provide	  some	  peace	  of	  mind	  that	  there	  are	  multiple	  systems	  in	  place	  to	  ensure	  that	  each	  scan	  is	  of	  appropriate	  quality,	  although	  these	  software	  glitches	  can	  increase	  the	  stress	  in	  a	  busy	  orthodontic	  practice.	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  Several	  other	  difficulties	  were	  encountered	  during	  the	  scans	  that	  were	  not	  excluded	  from	  the	  study.	  The	  first	  was	  a	  struggle	  to	  isolate	  the	  lips	  from	  the	  teeth	  during	  several	  scans.	  This	  problem	  seemed	  to	  occur	  because	  there	  was	  not	  an	  appropriate-­‐sized	  Optragate	  retractor	  for	  every	  mouth.	  Several	  mouths	  were	  too	  small	  for	  the	  regular-­‐sized	  Optragate	  retractors,	  but	  were	  too	  large	  for	  the	  small	  size.	  It	  was	  up	  to	  the	  operator	  to	  decide	  which	  retractor	  was	  a	  better	  fit	  in	  these	  circumstances,	  and	  it	  was	  often	  difficult	  to	  obtain	  perfect	  isolation	  in	  these	  situations.	  A	  second	  problem	  frequently	  encountered	  was	  a	  difficulty	  for	  the	  scanner	  to	  capture	  certain	  surfaces	  of	  teeth.	  These	  teeth	  would	  appear	  distorted	  with	  voids	  on	  the	  COS	  monitor,	  but	  no	  red	  error	  arrows	  were	  present.	  These	  areas	  were	  completely	  rescanned	  several	  times,	  but	  the	  image	  would	  not	  improve.	  When	  the	  TMP	  software	  later	  processed	  these	  scans,	  no	  error	  messages	  were	  given,	  so	  the	  scans	  were	  processed	  normally.	  A	  third	  difficulty	  commonly	  encountered	  was	  scanning	  molars.	  Third	  molars,	  when	  present,	  were	  scanned	  to	  the	  best	  of	  the	  operator’s	  abilities.	  It	  was	  especially	  difficult	  to	  scan	  the	  buccal	  surface	  of	  the	  maxillary	  second	  and	  third	  molars	  because	  of	  the	  dimensions	  of	  the	  scanning	  wand	  and	  its	  interference	  with	  the	  coronoid	  process.	  Subjects	  generally	  appeared	  to	  be	  uncomfortable	  when	  these	  areas	  of	  the	  mouth	  were	  scanned.	  As	  chairside	  scanners	  continue	  to	  develop	  over	  time,	  designing	  a	  thinner	  wand	  could	  improve	  patient	  comfort	  and	  operator	  scanning	  ability.	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How	  practical	  would	  it	  be	  for	  an	  orthodontist	  to	  switch	  his	  or	  her	  practice	  from	  one	  that	  uses	  impressions	  to	  one	  that	  uses	  an	  intraoral	  scanner?	  I	  have	  already	  discussed	  the	  chairside	  time	  requirements,	  and	  concluded	  that	  impressions	  are	  currently	  preferred	  over	  COS	  scans.	  Secondly,	  there	  does	  not	  appear	  to	  be	  a	  significant	  advantage	  to	  using	  a	  COS	  over	  impressions	  with	  respect	  to	  the	  accuracy	  of	  the	  digital	  models.	  Third,	  the	  cost	  of	  an	  intraoral	  scanner	  is	  much	  greater	  than	  the	  cost	  of	  alginate	  impressions.	  There	  are	  costs	  associated	  with	  the	  set-­‐up	  and	  maintenance	  of	  the	  system,	  along	  with	  the	  cost	  and	  time	  associated	  with	  training	  staff	  to	  use	  this	  technology.	  I	  do	  believe	  that	  intraoral	  scans	  will	  eventually	  take	  the	  place	  of	  impressions.	  However,	  for	  this	  to	  happen,	  the	  technology	  needs	  to	  become	  as	  fast	  as	  impressions	  and	  as	  easy	  to	  perform	  as	  impressions,	  it	  needs	  to	  be	  accepted	  by	  a	  majority	  of	  orthodontists,	  and	  the	  cost	  has	  to	  be	  more	  comparable	  to	  impressions.	  When	  all	  of	  these	  considerations	  are	  equal,	  I	  believe	  that	  intraoral	  scans	  will	  take	  the	  place	  of	  impressions.	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Conclusions	  
	  Digital	  models	  produced	  from	  COS	  scans	  are	  similar	  in	  accuracy	  to	  digital	  models	  produced	  from	  alginate	  impressions.	  However,	  impressions	  require	  less	  chairside	  time	  and	  are	  preferred	  over	  COS	  scans	  by	  most	  patients.	  Because	  of	  these	  findings,	  one	  may	  conclude	  that	  impressions	  are	  currently	  the	  preferred	  method	  for	  acquiring	  digital	  models	  in	  a	  routine	  orthodontic	  environment.	  However,	  as	  scanning	  technologies	  evolve	  to	  become	  faster,	  more	  efficient,	  requiring	  less	  moisture	  control,	  and	  not	  requiring	  powder,	  direct	  scanning	  will	  become	  more	  routine	  in	  an	  orthodontic	  setting.	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Future	  Studies	  
	  Designing	  a	  study	  that	  measures	  the	  accuracy,	  time	  requirements,	  and	  patient	  acceptance	  of	  intraoral	  scanners	  that	  do	  not	  requiring	  powdering	  of	  teeth	  could	  be	  a	  logical	  follow-­‐up	  to	  the	  current	  study.	  Examples	  of	  scanning	  systems	  that	  could	  be	  tested	  include	  the	  3M	  True	  Definition	  Scanner	  (3M	  ESPE,	  St.	  Paul,	  MN,	  USA)	  and	  the	  Cadent	  iTero	  intraoral	  digital	  scanner.	  	  	  
	  
	  
	   	  
	  48	  
References	  Ayoub	  A,	  Siebert	  P,	  Moos	  K,	  Wray	  D,	  Urquhart	  C,	  Niblett	  T.	  A	  vision-­‐based	  three-­‐dimensional	  capture	  system	  for	  maxillofacial	  assessment	  and	  surgical	  planning.	  Br	  J	  Oral	  Maxillofacial	  Surg	  1998;36:353-­‐7.	  Bland	  JM,	  Altman	  DG.	  Agreed	  statistics	  measurement	  method	  comparison.	  Anesthesiology	  2012;116:182-­‐5.	  Brawek	  P,	  Wolfart	  S,	  Endres	  L,	  Kirsten	  A,	  Reich	  S.	  The	  clinical	  accuracy	  of	  single	  crowns	  exclusively	  fabricated	  by	  digital	  workflow—the	  comparison	  of	  two	  systems.	  Clin	  Oral	  Invest	  2013	  (in	  press).	  Cardelli	  P,	  Scotti	  R,	  Monaco	  C.	  Clinical	  fitting	  of	  CAD/CAM	  zirconia	  single	  crowns	  generated	  from	  digital	  intraoral	  impressions	  based	  on	  active	  wavefront	  sampling.	  J	  Dent	  2011;1783:1-­‐8.	  Coleman	  R,	  Hembree	  J,	  Weber	  F.	  Dimensional	  stability	  of	  irreversible	  hydrocolloid	  impression	  material.	  Am	  J	  Orthod	  1979;75:438-­‐46.	  Cuperus	  AM,	  Harms	  M,	  Rangel	  F,	  Bronkhorst	  E,	  Schols	  J,	  Breuning	  KH.	  Dental	  models	  made	  with	  an	  intraoral	  scanner:	  A	  validation	  study.	  Am	  J	  Orthod	  Dentofacial	  Orthop	  2012;	  142:308-­‐13.	  da	  Costa	  JB,	  Pelogia	  F,	  Hagedorn	  B,	  Ferracane	  JL.	  Evaluation	  of	  different	  methods	  of	  optical	  impression	  making	  on	  the	  marginal	  gap	  of	  onlays	  created	  with	  CEREC	  3D.	  Oper	  Dent	  2010;35:324–9.	  Ender	  A,	  Mehl	  A.	  Full	  arch	  scans:	  conventional	  versus	  digital	  impressions—an	  in	  vitro	  study.	  Int	  J	  Comput	  Dent	  2011;14:11–21.	  Ender	  A,	  Mehl	  A.	  Accuracy	  of	  complete-­‐arch	  dental	  impressions:	  A	  new	  method	  of	  measuring	  trueness	  and	  precision.	  J	  Pros	  Dent	  2013a;109:121-­‐8.	  Ender	  A,	  Mehl	  A.	  Influence	  of	  scanning	  strategies	  on	  the	  accuracy	  of	  digital	  intraoral	  scanning	  systems.	  Int	  J	  of	  Comput	  Dent	  2013b;16:11-­‐21.	  Farah	  J,	  Brown	  L.	  Integrating	  the	  3M	  ESPE	  Chairside	  Oral	  Scanner	  C.O.S.	  into	  daily	  clinical	  practice.	  The	  Dental	  Advisor	  2009;12:1-­‐4.	  Fleming	  PS,	  Marinho	  V,	  Johal	  A.	  Orthodontic	  measurements	  on	  digital	  study	  models	  compared	  with	  plaster	  models:	  a	  systematic	  review.	  Orthod	  Craniofac	  Res	  2011;14:1-­‐16.	  Gilmore	  HW,	  Phillips	  RW,	  Swartz	  ML.	  The	  effect	  of	  residual	  stress	  and	  water	  change	  on	  the	  deformation	  of	  hydrocolloid	  impression	  materials.	  J	  Dent	  Res	  1958;37:816-­‐23.	  
	  49	  
Güth	  JF,	  Keul	  C,	  Stimmelmayr	  M,	  Beuer	  F,	  Edelhoff	  D.	  Accuracy	  of	  digital	  models	  obtained	  by	  direct	  and	  indirect	  data	  capturing.	  Clin	  Oral	  Invest	  2013;17:1201-­‐8.	  Hajeer	  MY,	  Millett	  DT,	  Ayoub	  AF,	  Siebert	  JP.	  Applications	  of	  3D	  imaging	  in	  orthodontics:	  part	  II.	  J	  Orthod	  2004;31:154–62.	  	  Joffe	  L.	  OrthoCADTM:	  digital	  models	  for	  a	  digital	  era.	  J	  Orthod	  2004;31:344-­‐7.	  Kau	  CH,	  Littlefield	  J,	  Rainy	  N,	  Nguyen	  JT,	  Creed	  B.	  Evaluation	  of	  CBCT	  digital	  models	  and	  traditional	  models	  using	  the	  Little's	  index.	  Angle	  Orthod	  2010;80:435-­‐9.	  Keim	  RG,	  Gottlieb	  EL,	  Nelson	  AH,	  Vogels	  DS	  III.	  2008	  JCO	  study	  of	  orthodontic	  diagnosis	  and	  treatment	  procedures,	  part	  1:	  results	  and	  trends.	  J	  Clin	  Orthod	  2008;42:625–40.	  Larson	  BE,	  Vaubel	  CJ,	  Grünheid	  T.	  Effectiveness	  of	  computer-­‐assisted	  orthodontic	  treatment	  technology	  to	  achieve	  predicted	  outcomes.	  Angle	  Orthod	  2013;83:557-­‐62.	  Luthardt	  RG,	  Loos	  R,	  Quaas	  S.	  Accuracy	  of	  intraoral	  data	  acquisition	  in	  comparison	  to	  the	  conventional	  impression.	  Int	  J	  Comput	  Dent	  2005;8:283–94.	  Miller	  MW.	  Syneresis	  in	  alginate	  impression	  materials.	  Br	  Dent	  J	  1975;139:425-­‐30.	  Naidu	  D,	  Freer	  T.	  Validity,	  reliability,	  and	  reproducibility	  of	  the	  iOC	  intraoral	  scanner:	  A	  comparison	  of	  tooth	  widths	  and	  Bolton	  ratios.	  Am	  J	  Orthod	  Dentofacial	  Orthop	  2013;144:304-­‐10. Powers	  JM,	  Sakaguchi	  RL.	  Impression	  materials.	  In:	  Restorative	  Dental	  Materials.	  St.	  Louis:	  Mosby;	  2006.	  	  Proffit	  WR,	  editor.	  Contemporary	  orthodontics.	  4th	  ed.	  St	  Louis:	  Mosby;	  2007.	  Redmond	  WR,	  Vasudavan	  S,	  Sullivan	  S,	  Sonis	  A.	  Comparison	  of	  intraoral	  3D	  scanning	  and	  conventional	  impressions	  for	  fabrication	  of	  orthodontic	  retainers.	  J	  Clin	  Orthod	  2010;44:495–7.	  Rudd	  K,	  Morrow	  R,	  Strunk	  R.	  Accurate	  Alginate	  Impressions.	  J	  Pros	  Dent	  1969;22:294-­‐300.	  Wiranto	  M,	  Engelbrecht	  WP,	  Tutein	  Nolthenius	  H,	  van	  der	  Meer	  WJ,	  Ren	  Y.	  Validity,	  reliability,	  and	  reproducibility	  of	  linear	  measurements	  on	  digital	  models	  obtained	  from	  intraoral	  and	  cone-­‐beam	  computed	  tomography	  scans	  of	  alginate	  impressions.	  Am	  J	  Orthod	  Dentofacial	  Orthop	  2013;143:140-­‐7.	  	  	  
	   	  
	  50	  
Appendix	  A	  -­‐	  Materials	  The	  following	  materials	  were	  organized	  for	  easy	  access	  prior	  to	  seating	  each	  subject.	  
Alginate	  Impressions	  
• Impression	  trays	  (Darby	  Dental	  Supply,	  Jericho,	  NY,	  USA)	  
• Kromatica	  100-­‐hour	  alginate	  (Matech,	  Sylmar,	  CA,	  USA)	  which	  was	  pre-­‐measured	  and	  placed	  into	  separate	  mixing	  bowls	  (Zirc,	  Buffalo,	  MN,	  USA)	  
• Mixing	  spatulas	  (Zirc,	  Buffalo,	  MN,	  USA)	  
• Measuring	  cups	  (Patterson	  Dental,	  St.	  Paul,	  MN,	  USA),	  pre-­‐filled	  with	  water	  
• Alginate	  adhesive	  (Patterson	  Dental,	  St.	  Paul,	  MN,	  USA)	  
• Air-­‐water	  syringe	  tip	  (Dentsply	  Professional,	  York,	  PA,	  USA)	  
• Prospray	  (Certol	  International,	  Commerce	  City,	  CO,	  USA)	  
• Pre-­‐trimmed	  wax	  bite	  (Patterson	  Dental,	  St.	  Paul,	  MN,	  USA)	  with	  plastic	  petri	  dish	  (Fisher	  Scientific,	  Pittsburgh,	  PA,	  USA)	  
• Expendables:	  paper	  towels,	  sealable	  plastic	  bag	  for	  impressions,	  cardboard	  box	  and	  sealable	  plastic	  bag	  for	  shipping,	  shipping	  label	  
• Lava	  TMP	  software	  (3M	  ESPE,	  St.	  Paul,	  MN,	  USA),	  which	  was	  launched	  on	  a	  computer	  prior	  to	  seating	  each	  subject	  
	  
COS	  Scans	  
• Lava	  COS	  with	  powdering	  system	  with	  titanium	  dioxide	  powder	  (3M	  ESPE,	  St.	  Paul,	  MN,	  USA)	  
• Two	  large	  and	  two	  small	  Driangles®	  with	  foil	  removed	  (Dental	  Health	  Products,	  New	  Franken,	  WI,	  USA)	  
• OptraGate®	  retractors	  (Ivoclar	  Vivadent,	  Amherst,	  NY,	  USA)	  	  
• High	  volume	  suction	  tip	  (Crosstex,	  Hauppauge,	  NY,	  USA)	  
• Low	  volume	  suction	  tip	  (Patterson	  Dental,	  St.	  Paul,	  MN,	  USA)	  
• Air-­‐water	  syringe	  tip	  (Dentsply	  Professional,	  York,	  PA,	  USA)	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Appendix	  B	  -­‐	  Timing	  
Items	  Included	  in	  Timing	  of	  Chairside	  Procedures	  
Impressions	   COS	  Scan	  
• Fitting	  impression	  trays	  in	  subject’s	  mouth	  
• Spraying	  impression	  trays	  with	  adhesive	  
• Taking	  mandibular	  impression	  
• Taking	  maxillary	  impression	  
• Taking	  a	  wax	  bite	  
• Rinsing	  the	  impressions	  with	  water	  and	  Prospray,	  wrapping	  them	  in	  paper	  towels,	  and	  placing	  them	  in	  a	  sealable	  plastic	  bag	  
• Rinsing	  the	  wax	  bite	  with	  water	  and	  Prospray	  and	  placing	  it	  in	  a	  petri	  dish	  
• Placing	  isolation	  materials	  
• Powdering	  the	  teeth	  
• Performing	  scans	  of	  both	  arches,	  along	  with	  the	  bite	  
• Removing	  the	  isolation	  materials	  
	  
Items	  Included	  in	  Timing	  of	  Processing	  and	  Packaging	  Procedures	  
Impressions	   COS	  Scan	  
• 10	  minutes	  were	  needed	  to	  disinfect	  the	  impressions	  and	  wax	  bite	  
• Impressions	  and	  wax	  bite	  were	  placed	  into	  a	  cardboard	  box	  
• Lava	  TMP	  software	  was	  used	  to	  process	  the	  impression	  materials	  
o New	  patient	  information,	  new	  order	  information,	  and	  occlusal	  characteristics	  were	  added	  
o Order	  form	  was	  printed	  
• Cardboard	  box	  was	  placed	  into	  a	  sealable	  plastic	  bag	  with	  a	  printed	  order	  form	  for	  shipping	  
o For	  time	  efficiency,	  most	  of	  the	  
shipping	  materials	  were	  
prepared	  while	  the	  Lava	  TMP	  
software	  processed	  the	  order	  
• Rx	  was	  selected	  
• Date,	  lab,	  and	  restoration	  type	  were	  entered	  
• Electronic	  signature	  was	  entered	  and	  the	  scan	  was	  submitted	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Appendix	  C	  –	  COS	  Scan	  Protocol	  
• Isolation/Moisture	  Control	  
o One	  small	  driangle	  was	  placed	  inside	  both	  cheeks	  
o One	  OptraGate	  retractor	  was	  placed	  around	  the	  lips	  
o One	  large	  driangle	  was	  placed	  on	  either	  side	  of	  the	  tongue	  
• Powdering	  
o A	  light	  puff	  of	  air	  was	  applied	  to	  dry	  all	  teeth	  
o A	  light	  coating	  of	  titanium	  dioxide	  powder	  from	  the	  COS	  powdering	  system	  was	  applied	  to	  all	  surfaces	  of	  all	  teeth	  
o A	  final	  puff	  of	  air	  was	  applied	  to	  all	  teeth	  to	  evenly	  distribute	  the	  titanium	  dioxide	  powder	  
• COS	  Scan	  
o Started	  by	  scanning	  the	  mandibular	  right	  sextant,	  beginning	  on	  occlusal	  surfaces,	  followed	  by	  the	  lingual	  then	  buccal	  surfaces	  
§ Wand	  was	  held	  parallel	  to	  the	  floor	  when	  scanning	  all	  surfaces	  of	  all	  posterior	  teeth	  
o Next	  scanned	  the	  mandibular	  anterior	  sextant,	  beginning	  on	  the	  lingual	  surfaces,	  followed	  by	  the	  facial	  surfaces	  and	  finishing	  on	  the	  incisal	  edges	  
§ Wand	  was	  held	  vertical	  to	  the	  floor	  when	  scanning	  lingual	  and	  facial	  surfaces	  of	  all	  anterior	  teeth	  
§ Wand	  was	  held	  horizontal	  to	  the	  floor	  when	  scanning	  all	  incisal	  edges	  
o Mandibular	  left	  sextant	  was	  scanned	  next,	  using	  the	  same	  sequence	  as	  the	  mandibular	  right	  sextant	  
o Voids	  and	  red	  arrows	  in	  the	  mandibular	  arch	  scan	  were	  captured	  by	  rescanning	  these	  areas	  
o Maxillary	  arch	  was	  scanned	  using	  the	  same	  sequence	  as	  the	  mandibular	  arch	  
§ Began	  in	  the	  maxillary	  right	  sextant,	  followed	  by	  the	  maxillary	  anterior	  sextant,	  and	  finishing	  in	  the	  maxillary	  left	  sextant	  
o Voids	  and	  red	  arrows	  in	  the	  maxillary	  arch	  scan	  were	  captured	  by	  rescanning	  these	  areas	  
o Bite	  was	  taken	  in	  centric	  occlusion	  by	  scanning	  the	  buccal	  surfaces	  of	  right	  first	  molars	  and	  all	  four	  right	  premolars	  
• Isolation/Moisture	  Control	  Materials	  Removed	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Appendix	  D	  –	  Survey	  
Clinical use of a direct chairside oral scanner: an assessment of 
accuracy, time and patient acceptance 
Please take a few minutes to fill out this survey on the methods used to obtain models of 
your teeth. Your responses are anonymous and they will not affect your ability to receive 
orthodontic treatment.  
 
Thank you. 
 
1. How would you describe the experience of having impressions and a wax bite made of your teeth? 
¡ ¡ ¡ ¡ ¡  
Very 
uncomfortable 
Somewhat 
uncomfortable 
Neutral Somewhat 
comfortable 
Very 
comfortable 
 
 
2. How would you describe the experience of having a digital scan made of your teeth? 
¡ ¡ ¡ ¡ ¡  
Very 
uncomfortable 
Somewhat 
uncomfortable 
Neutral Somewhat 
comfortable 
Very 
comfortable 
 
 
3. How would you describe the experience of being prepared for scanning (having mouth kept dry 
and powder sprayed on teeth and gums)? 
¡ ¡ ¡ ¡ ¡  
Very 
uncomfortable 
Somewhat 
uncomfortable 
Neutral Somewhat 
comfortable 
Very 
comfortable 
 
 
4. If your orthodontist told you that you needed to have another set of models made next month and 
you were free to choose between impressions plus wax bite and digital scan, which method would you 
prefer? 
¡ Impressions plus wax bite 
¡ Digital scan 
Why? 
 
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________ 
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5. Is there anything in particular that you liked or disliked about the impressions plus wax bite? 
I liked: 
 
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
I disliked: 
 
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 
6. Is there anything in particular that you liked or disliked about the digital scan? 
I liked: 
 
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
I disliked: 
 
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 _____________________________________________________________________________________  
 	  	  	  
	  
